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I. Background and Objectives

Stock's early syn.theses of boron hydrides involved the reaction of a

rather poorly defined magnesKam boride with aqueous phosphoric acid.- Miser-

able yields of a hydride mixture containing large percentages of higher

hydrides were obtained. All subsequent procedures, based largely on the work

of Schlesinger, Brown, Burg, and their co-workers
2 o 3 as well as some commer-

cial programs,4 gave B.E. as the sole initial product. High'er boranes

(particularly those needed for the synthesis of carboranes) are currently made

from diborane by thermolysis. Through proper selection of reaction conditions

and equipment B4 H-,, BsHa, B-H-_, or B,-H-4 can be prepared in fair to good

yields, 5 but the processes are very difficult and expensive commercial

operations. Three other rather generalized processes for converting B-H, to

higher hydrides have been of interest in the past decade. The first of these'

b .ilds on earlier work of Hough, Marshall, Hunt, Hefferan, Adams, and

Makhlouf of Callery Chemical Company. The process involves the pyrolysis of

W R4]BM, to yield [NRt];Bj-H-,. This is followed by the opening of the B-H-'
-

cage with HCI in liquid (C2H-) 2 S to give B-tH-.2 S(C;H0)2 . From the latter

diethyl sulfide adduct, carboranes can be obtained. Yields are marginal.

A second process involves the reaction of NaBH 4 with B;H 6 . Following the

earls work of hough and Edwardss on the reactions of B2 H{ with sodium amalgam

to give NaBH 4 and NaB 3H8 .9 Muetterties carried the process further and

obtained NaB,-H'4 from NaBH4 and B2H 6 under different conditions. This general

process has been developed beautifully in a fundamental sense by Shore and his

students who have been able to build up large borane anions in a stepwise

fashion by adding a bnrane group (Lewis acid) to a B-B bond in selected boron

hydride anions.1' Reactions such as those shown here were carried out:

References on pages 19-20
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B4 H9 -  + 1/2 B,,H, , h j
BsH 8 -  + 1/2 B.H, B, it

Addition of a proton to the anon qe:.o-n t t :--- . .'..; .

boron more than the starting .t'-:,,a. " . -. .

process was developed in rc , y-* • y - ,. "

Shore and his co-wcrk rs u:'... -' - - .- " - , . -

B 2H 6 , B4H: ,, B-H
-l

, and B- H . . , - - . -

hydride is abstracted frm t i.l , P,...,................"......

Lewis acid BX-, an-A the 7., ".,,
-  

'

which is available frz:- %.. ., . .." , . r . - , ,.. - , a

process is the mcst cornvi7',. 4, ,.- -. ,". ; -- - . .

preparation of hi' .:

The last pr:_es3 _f "- ' - " .- " ; - " -.- - *. .;"

of the fcregoin rea - . . - . ' .. . . . . "

replaces a hyirich -f PH .~~-~~ ~ *-'-~

formed, where L i7, ' . -, ,- 7-- I

like BHK-, w l Il a -- -'- ! - ,- ,

the fcllowi rea-, -71-

BH:- + P Bh, P "-?

LBH. *P

B H - * : 2P~ ., - -

LB H. * I '2 B ,", -I-P - 2 -t

This process has Si." l'r" *- r - * - , " " ..

reported that the rea -. -f !' '. a' - ,- o.- , (

Several other cthe:ers~ps -ar - -,a;- a e

ir, 1962 Burg t eF''e 1 ' ra--Y3 a.--' several - a.her

Lewis barses a:t -ata~y l. " -- vPrs- F p , P, , and

Peferences on paaes 14-2'
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B>-H'4. In considering this process it is reasonable to postulate that B.H-

reacts initially with a Lewis base to give an adduct of general form LBxH

which can then react with additional B5H2] (or another base borane adduct in

the system) to give boron framswork expansion. The reaction between B:-Hj- and

Lewis bases was thus of considerable importance in delineating the path for

the expansion of the boron framework. Earlier reports on the reaction of

B-.H.- with bases such as NR- had described a confusing process from which no

base-borane products could be characterized.'5 Thus our initial work focussed

on the reactions of B5Hjj with Lewis bases. Subsequent work involved a study

of the reactions of the products obtained from the base reaction with borans

units or other boron sources. The goal of the study was an expansion of the

boron framework.

A brief summary of the results of our work performed under the sponsorship

of the Army Fszearch Office through DAAG29-76-G-0120, DAAG29-79-C-0129 and

DAAG29-81-K-0101 was described in a paper entitled "Chemistry of Lower Boranes

Involving Trimethylphosphine"' 6, which is attached to this report as Reprint

#7. In short, during these earlier contract research periods, the strongly

basic nature of P(CH 3)3 was exploited to establish a numhber of definable

reactions of lower boranes, which could then be used as guides for the studies

of related complex reactions. Thus, at the beginning of this reporting

period, we were ready to direct our effort to the study of borane reac-ion

systems involving weaker Lewis bases.

References on pages 19-20
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II. Summary of the Results

A. Borane Framework Expansion Reactions

1. Use of the B2 H 4 Adducts

Backaround. During the earlier ARO contract research f.oz i<, i

was found to serve as a borane framework expansion reacp-.t,

B2 H4 .2P(CH3) 3 was mixed with certain borane compoi:ds, It

BH3.P(CH 3 )3 and ":BH'P(CH 3 )3", and the latter was idk<" h. "

substrate to give a product containing an incivaste : ,

Examples are

B2H42P(CH3)3  + B-H 6  -4 BIH P(CH.) . I.'

B;H4-2P(CH 3 )3  + B;H'THF --4 B.H -P(CH.) . • * ; V ,1 12)

B2H4-2P(CH;); + B4H&-PH- -4 B H,.( H,) P V' ( - H';

B2 H4-2P (CH) + B:H P(CH- ) . - B.H ., (C ) i 4J

B2H4 "2P(CH) + B-H - P F . j( Tj * " '"

When the Lewis bases that are attaT!hed • - '-" ,- , ,

strong the above expansion reazt.:n w:". "

B2 H4 "2P(CH-) + BiH,.P(CH.) . Cor B H -t.C-' A ' - "r

B2 H4 "2P(CH,) + B H -P(CH.) P("r B:H'.A h.' 7 : "

Apparently, the bornae acidity -fhe ," : . •.

for the reaction to occur. Whe- the " rr- t -r --i y

is attached to the B.H cr BPH- ra - ", , a-.-*- "• -

strong enough to react with PH., -F V("' P -- ', tc-a.- '

the stronger acidity cf the B H. , w, . .*%72" C

fragment,;* retains its acidity strcc-, en-,c e - "' -

in the molecule, anJ rea2-t, wi'h p ;r - --- P 2F

References on paqes 19-20
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. . "± "B ? ?, - i S .5 iz, K.H , r :" t r--r at , e) in Figure 1

Sr- t'e :'t C 4i r 1, C e r y, "t,e re ative , r. _ers ty zti ,:;~.;

kr -: ' 1 _15 .j r : H , -i 3 pp.r) an;d tt ,- 3P1. S(W'H.) S ... r. a is 1:1 a

14 f--. , if. ari ni ;:j other :har. th., r-doant8 ar.,J ff.L.J '. are

-:o ' . . . . ,' , .- , . '' .) . :. r t a

'. -t, .": -; , -e . Tz, ,:: :" " e.J "

: i .. s j4-Bf13 SMe 2

D ' ,> N'(" . .• S .> > IE ) [15) 13 H ' H

!. "n s- t.es a tase that - B0hrs(3da)s)

lv: o- ens'pcn. tc :.azat with B .H. tand 37hrs(1 5days)

EM." hoevr F~r; F(CH. and
A

N(H.); are known to cleave the respeztive 9.m lhrs

a I zts cf B.H to give the corresponding

ad :ts f B ,. " direthyl ether does 'K.. 3 hrs

not cleave B H-.O(CH.:)2. Dimethyl

thicether is situated in-between. It, 30mi

therefore, is reasonable to postulate that tB 63H7 SMe2

the following equilibrium exists in a Figure 1. IIB NMR spectza of B H-

S(CP 3 ) 2 in S(CH3 ) 2 : Slow formation
S(CH3 ) 2 solution of B3HT'S(CH-);; of BsHg.

B3H--S(CH3 ) 2 + 2S(CH-) 2  B2 H4-2S(CH3) 2 + BH3 -S(CH 3 ) 2  [16)

The B2 H4 -2S(CH,) 2 thus formeI would then react with B3H .S(CH3 ) 2 in a manner

similar to that shown in Section II.A.! to give B4HB'S(CH 3)2 which would

further react with B2H4-2S(CH 3 ) 2 to form "B 5 H9 -S(CH 3 ) 2 " (cf. Equations 2 and

References on pages 19-20
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10) . The product "BHz'S(CH3 ) 2 " would readily eliminate S(CHO}; to finally

give B5 H9 . See Equations 17-19.

B2H,'2S(CH3 ) 2  + B-HT'S(CH3 ) 2  -> B4 H8 S(CH3 ) 2  4 BH 3 "S(CH3 ) 2  + S(CH4)2  [17]

B 2 H4"2S(CH,) 2  + B4HB'S(CH3 )2  -4 BH 9 -S(CH 3 ) 2  + BH'3 S(CH) 2  + S(CHP); [18]

B-H9"S(CH3) 2  -4 BsH 9 + S(CH3 ) 2  (19]

Equations 16 through 19 sum up to give Equation 14.

The above proposed mechanism for the formation of BzH 9 sluggests that, if

B4Hs'S(CH;)2 had been added to a S(CH 3 )2 solution of B-H-S(CH3)2 , the rate of

the B-H formation would increase. Indeed, it was the case. When a S(CH;)2

solution containing B-,H-.-S(CH-) 2 and B4HP-S(CH3 ) 2 in a 1:1 molar ratio was

prepared, the formation of BsHq was complete in a few hours; B H7"S(CH3) 2 was

consumed completely and a small portion cf B4H6.S(CH-) 2 remained in the

solution. Thus the above interpretation, which is based on the B2H 4 .2P(CH);

model, appears to be satisfactory.

3. A More Generalized View of the Framework Expansion Reaction.

In the framework expansion reactions involving the B2H 4 adducts, the sub-

strate abstracts ":BH.L" from B2H4-2L and BH3.L is eliminated. Therefore, the

stability of BH-,.L and the electrophilicity of the borane substrate are

thought to be important factors to successfully drive the expansion reaction.

In this sense, the formation of the B 3 H4 .3P(CH 3 )3' cation from B2 H4-2P(CH-);

and the trityl cation 2E may be explained by the following scheme.

B Ht"2P(CH-) . + C(C 6H-)< -4 "B 2H;-2P(CH-)-'" + C(C6H-.)H [20

BH4"2P(CH3 )3 + "B 2 H3"2P(CH;) ' - BzH4"3P(CH3)-41 + BH-'P(CH3 ) [21]

The intermediate "B 2H3 -2P(CH3 )3"" is a strong electrophile owing to its

positive charge, and therefore reacts readily with B2H4-2P(CH3 )3 , abstracting

":BH-P(CH-0)j" from B2 H4.2P(CH,)2 and liberating BH-.P(CH3 ) 2 .

References on pages 19-20
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The f rame wo rk expa n Sio n so c-mv, wh c Y. is d is t t..fI v, may f Q It.'

extended to include a more general case. Considez thit fo2'lowing react --r.

which was observeri i th!2 laboratory. (See 8.). J Rvp:int #8)

2B.:H -P(CH.) . +* C(C+H) "  ) H H .P(CH.J A + .H- H.} . C(CH ) . [22]

If the first step of the reaction is

B,-H .P(CHO)- + C(CH-) - - "B,.H .P(CH:) " + C(C H ) .H (23]

The electrophile "B 4 H'P(CH3)3" will abstract a ":BH" unit iron B4H-P(CH.) .

and liberate the stable triborane(7) adduct, B;HP(CH.).. Further exter.sicn

of this generalized view is obvious, and is a subject cf further study.

4. In-Situ Addition of BH 3 to Borane Framework.

When 84HB-PH 3 was treated with NaBH4 in tetrahydrofuran the following

reaction occurred at -40 "C. 9

B4HS-PH3 + Na*BH4 - -+ Na*B-H- -PH2 - + H [24)

The reaction (Equation 24) is thought to have proceeded in two steps:

B 4 HP-PH; + Na-BH4 - -4 Na'B 4 H6,PH - + H; + "BH " [25]

B4 HB'PH2 - + "BH 3 " -4 BsH"- PH2- [26]

It is known that BH 3 -PH 3 and B H7'PH3 react with NaBH 4 to give Na'BH,.PH-.BH-,

and Na+B 3H7 .PH2 .BH 3
- , respectively.2',2 8 In these two reactions, the first

step is the deprotonation of the phosphine hydrogen to form BH--PH - and

BsH-,'PH2-, respectively, in manners similar to that shown in Equation 25.

Tlen, the generated BH3 (or E2 H6 ) adds to the phosphorus atoms of these anions

to give the BHI-PH 2 -BH 3- and B3 H-'PH2 'BH3 - anions. The B4H 8 -PH - anion which is

produced in Equation 25, however, does not combine with BH 3 at the phosphorus

atom to form B4HE.PH2 .BH3-. This is because, due to the enhanced borane

acidity of the B4H8 fragment relative to those of B3 H- and BH 3 , the lone pair

electrons on the phosphorus atom in B4Hs.PH2- is not readily available for the

References on pages 19-20
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P *BH, bond foirdton. Instead, thc qt.rirated BH; adds to the B46 rnoiety to

give the 5-H-PH - anicn. Shore reported , the addition of BH3 to B 4Hg":

B *H,- + 1/2 B.H( --4 B.H.;< (27]

Th.s, the B4H..PH - nion behaves like the b.H, atn. (Note that these two

anions are isoelztronic to each other.)

The in-situ ail t Ion cf BH, of this type m-ay further be developed to in-

clude higher t::d; c.r'poun~s, and m.ay ccnveniently be u-,,c to convert s.a:i7c:

bz:ane f-ag ents to larger stru7t*res by the use cf NaBH4 in place of B;HE.

B. rormation of B2 H 4 Adducts from B3 H7 Adducts

IRAkgJound. Reactions of triborar.e(7) adducts (B-.H--L) with Lewis bases

(L') can proceed in two different ways: (1) d.splacerent of the ligand base,

and (2) cleavage of the triborane framework into the adducts of BH4 and BH..

A rmechanisrn was proposed for these reactions by Ritter and co-workers,'9 and

by Paine and Parry. 3[ Central to the mechanist is the formation of an inter-

mediate B;H-.L.L' which subseq-uently proceeds in the two different pathways

depending upon the nature of the Lewis bases involved. See Scheme 1.

Scheme I
L L t a L

+L' -b_ .
10 jc

B/a> B 3 B

LL'. I /L

B3 H7'L (B 3 H 7 LL'] /
Examples:- Li(a) 1 ) + (c)

(a) B3 H7'THF + NMe3  B H3  L

-4 B3H7.NMe 3 + THF H

(b) B3H7 "NMe3 + 2PMe3  I - ,L

-4 B2H4 -2PMe3 + BH3 NMe 3  L B-L' B

(C) B3H7 'PMe 3+ 2NMe 3  ,L'

- B 2H 4-PMe 3 NMe3 +BH 3 NMe 3 -a O IL' BH 3 L'

References on pages 19-20
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In view of the potential use of the B2H4 adducts as reagents for borane

framework expansion, and since the B3H7 adducts are a convenient source of the

B2H4 adduct preparation, it was of interest to investigate in more details the

cleavage pattern of B3H7 adducts. This study was rewarding in that not only

the formerly elusive B2H4-2N(CH 3)3 was isolated but also the preparation of a

mixed-ligand adduct B2H4 -N(CH3)3 'P(CH3)3
23 and an efficient way of preparing

amine adducts of B2H 424 could be formulated as a result of the study.

Preparation of BZ '2Nn The details

of these studies are described in two published papers 22,23, reprints of which

are attached to this report. (See Reprint #3 and #9). The preparation of

B2H4 "N(CH3)3 -P(CH3 )3 by the reaction of B3HT-P(CH 3)3 with N(CH 3)3 is superior to

that involves the displacement of N(CH 3)3 from B2H4.2N(CH3)3 by P(CH 3)3; the

reaction is faster and the product is purer. In addition, the quantitative

formation of B2H4 "N(CH3)3.P(CH 3)3 has provided an important insight into the

cleavage pattern of triborane adducts, from which the facile preparation of

B2H4 "2N(CH3)3 was developed.

Formation of B"j'2N. Treatment of

B3H,'S(CH 3)2 with excess N(CH 3)3 at -80 IC in dichloromethane results in the

immediate formation of B2H4 .2N(CH3)3 . The appropriate equation for the

reaction is

B3H7 "S(CH3)2 + 3N(CH 3)3 -+ B2H4 "2N(CH3)3 + BH3"N(CH3)3 + S(CH 3)2. [28]

The reaction of B3H7 -N(CH3)3 with N(CH 3)3 to form B2H4 .2N(CH3)3 proceeds

slowly at 0 OC. 28 Therefore, the formation of B2H4 -2N(CH3)3 in Equation 28 is

not the result of initial displacement of S(CH 3)2 by N(CH 3)3 to form

B3H7 .N(CH3)3 followed by the cleavage of the B3H7 fragment. Instead, the

intermediate B3H,.S(CH 3)2 .N(CH3)3 must have undergone a rapid BH3-adduct

References on pages 19-20
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[BH 3 -S(CH3 )2 or BH3 N(CH 3)3] elimination upon interaction with N(CH 3)3

according to pathway b or c in Scheme 1.

This low temperature formation or B2h4ZL1'.H3)3 should have a wider appli-

cation to the syntheses of certain B2H 4 adducts, where the use of higher

temperatures is prohibited because of the thermal instability of the adducts.

C. Base-Influenced Fluxionality of B4H 8 Adducts. 2 4

Bacgroun . In 1963, Gaines reported 9 that the six hydrogen atoms of B2H 6

became equivalent on the NMR time scale when B2H6 was dissolved in diglyme at

room temperature. This phenomenon was explained by a weak interaction of B2H6

with the solvent ether to form an unstable intermediate, which upon reverting

to B2H6 the terminal and bridge hydrogen atoms are interchanged.

' +OR 2 0 / -OR 2 so "- B
B- B B-H a -0 B [29]

Hb Ha I N Ha b

OR 2  H b

Thus, the rapid H atom migration is induced in the diborane molecules when the

co-existing base has an appropriate base strength relative to the strength of

the B-H-B bridge bond.

This phenomenon of base-induced fluxionality should be a common occurrence

among the lower boron hydride compounds, because most of them are "electron

deficient" and are capable of interacting with Lewis bases to form more opened

structures which can often undergo facile rearrangements. Elucidation of the

interactions, in particular those with weaker bases, is of considerable

interest to us; weak bases often play subtle but important roles in the trans-

formation of borane compounds.

fli i.. E. Shown in Figure 2 are the 11B NMR spectra (25.5 MHz,

{1H)) of B4H8 .S(CH3)2 in two different solvents (CH2C12 and S(CH3 )2) at two

References on pages 19-20
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different temperatures. Clearly, when B4 HB'S(CH3 ) 2 is diS3olved in S(CH,-)2 the

signals of the B2 , 4 and B3 atoms coalesce at +20 'C. Similarly, the samre

coalescence was observed for B4 H8 'S(C 2 H5 ) 2 and B4H 8 -THT (THT~tetrahydrothio-

phene) in S(C 2H5 ) 2 and THT, respectively. The temperatures of coalescence

paralleled with the base strength of the thioethers: B4HF'S(CH3 ) 2 ; +20 'C,

BH 6 -TRT; +30 'C, B4 HE'S(C 2 H5 ) 2 ; +45 *C.

64H8SMe 2 In SMe2  B4 Ha-SMe 2 In CH2 CI2

92 H3 SMe2 -4

+20 0C
B3 B2.4 B

j Fiure . 1B N spctraof 41i8 'S(CH 3 ) 2 : S(CH3 ) 2 -induced fluxionality.

Many tetraborane(S) adducts, B4 HB8 L, are known to combine with bases to

form bis(base) adducts of B4 H8 . The stability of the bis(base) adducts

depends upon the nature of the Lewis bases involved, and generally parallels

with the strength of the base as indicated in the following examples.

B4 HB'P(CH3 ) 3 + P(CH3 ) 3 -4 B4HB-2P(CH3)3  Stable at room temp.32  (30]

B4 HB-P(CH3 ) 3 + N(CH3 ) 3  B4 HS*N(CH 3 ) 3*P(CH3 ) 3 Dissociate at room temp. 3 2 [31)

B4 HB-N(CH3 ) 3 + N(CH13 ) 3  B4HB-2N(CH3)3  Isolable <-40oC3 3  [321

B4HB-PH3 + PH3  -4 No Reaction34  [33)

References on pages 29-20
13



;<t:%9-eL . _.?

Thioethers are weaker bases than N(CH 3)3 but stronger than PH.. V'ereforc, it

is reasonable to assume that B4HsSR2 interacts with SR2 to forrF. an unsta h1

bis (base) adduct:

B4H8"SR 2 + SR 2 = B4 Hs"2SR 2  134)

The equivalency of the B2 , B and B4 atoms can be achieved by the rrechanis-

which is illustrated in Scheme 2.

Scheme 2

--- - ----------------........... .............. . ...............
SSR2 ,SR 2 SR2

SR2 _'S R S1

\,SR 2  \,SR 2  \ ,SR 2

4 B .+SR2 7'
B ,

.2.3

The above mechanism for the B4H8-SR2 signal coalescence suggested that

other B4H8 adducts might undergo the same type of rapid motion when dissolved

in thioethers. Indeed, the B2,4 and B3 signals of B4HS.P(CH3)3 coalesced at

+20 0C in S(CH3)2 solution. Trimethylamine adduct of B4H6 , however, behaved

differently; in dimethyl t'ioether its B2,4 and B3 signals did not coalesce up

to +30 C. Even the broadening of these signals was not observed, but an

extremely broad hump (or a rise of the base line) developed in a range from 0

to -5 ppm. Recording of higher temperature spectra was prohibited by the

decomposition that formed BH3 .N(CH3)3. It has been observed that, when

N(CH3)3 is attached at the B] position of the B4H8 fragment, the interaction

References on pages 19-20
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of the B4H8 adduct with t e second Lewis base is weak (see, for example,

Equation 32) and that a soft base appears to prefer the B; position to the B2

position if the choice is given. Thus, the attachment of S(CH3 )2 to the B2

position is disfavored. If B4Hs.N(CH 3)3 .S(CH3 )2 is formed, it would have

S(CH3 )2 and N(CH 3)3 at B- and B2 positions, respectively. It is possible that

the broad hump at 0-5 ppm is due to the formation of this bis(base) adduct.

The complexity of base-influenced

fluxionality was further observed on

T e m p n H 2 CI2 In the hg an d
B4 H62P(CH3 ) 3 and B4HS-2N(CH3 )3 . As di- Temp an CHse2

base

agrammatically shown in Figure 3, the High Jj_ I
fluxional motion of B4H8 -2P(CH3 )3 is B48 2N(CH 3 )3 Lw IL IL_
slowed down in the presence of free

P(CH 3)3, N(CH3 )3 or tetrahydrofuran,

whereas that of B4H8 "2N(CH3)3 appears

to be fast even at -80 *C and even in High PLL .I.ighL
B4H8 2P(CH3)3

the presence of free N(CH 3 )3 . Further Low .L..

experimental and theoretical studies
Figure 3. Diagrammatical

are needed for the better understanding representation of 11B NMR spectra
of B4Hs-2N(CH3 )3 and

of these phenomena. B4H8 2P (CH3 ) 3"

D. Polyboron Complex Cations.

During the previous contract period, salts of the triboron complex cation

B3H6 .2P(CH3)3
+ was isolated and characterized. In view of the possible reac-

tion of such cations with anionic borane species to form larger boron hydride

compounds, a number of polyboron cations were synthesized. A review of this

new generation of compounds was presented as one of the session lectures 26 at

the Sixth International Meeting on Boron Chemistry (IMEBORON VI), which was

References on pages 19-20
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held at Bechyne, Czechoslovakia in June, 1987. A reprint of the paper is

attached to this report. See Reprint #8. In this section, therefore, the

description is limited to the latest development that was made after the

review writing.

The4H'7-3P(CH3a+ Cation 35,36 Treatment of B4H7 2P(CH 3)3- with a molar

equivalent of P(CH3) 3 resulted in the formation of the B4HT-3P(CH 3)3* cation.

B4H?.2P(CH3 ) 3  + P(CH3 ) 3  -4 B4 H7 .3P(CH 3 ) 3 ' [35]

The general formula for this cation is BnHn+ 3 "3L'
, and thus represents a new

homologue of polyboron complex cations. The cation reacted further with

P(CH3 )3 to give cleavage products.

B4 H7 .3P(CH3 )3
+  + 2P(CH3 ) 3  -) B3H4-4P(CH3 ) 3 * + BH 3 'P(CH3 ) 3  [36]

The above reactions (Equation 35 and 36) are analogous to those observed

for the corresponding isoelectronic, neutral borane compounds:

B4Hs-P(CH 3)3 + P(CH 3)3 -4 B4Hp-2P(Cl 3)3  [37]

BeH 8 -2P(CH3)3 + 2P(CH 3)3 -4 B 3Hs.3P(CH3)3 + BH3 "P(CH3)3. (38]

The difference between the two reaction systems is that reaction 38 is always

accompanied by reaction 39.

B4Hs-2P(CH 3)3 + 2P(CH 3)3 -+ 2B2H4 -2P(CH3)3, [39]

whereas the corresponding cleavage reaction for B4HT'3P(CH3 )3 ,

B4 H7 .3P(CH3 )3' + 2P(CH3 )3 -4 B2H 3 .3P(CH3 )3 ' + B2 H4 "2P(CH3 ) 3 , [40]

was not observed. It is possible that the reaction (Equation 40) had

occurred, but that the products had undergone a reaction, in which

B2H4.2P(CH3)3 served as the reagent for framework expansion. See Equation 41.

B2H3 .3P(CH3)3' + B2H4.2P(CH3)3 - B3H4-4P(CH 3)3
+ + BH3 .P(CH3 )3  [41)

Reaction of B t.PPHC.+a - Formation of Bi.P CH-4

Both similarities and differences between the reactions of polyboron complex

cations and their corresponding isoelectronic, neutral compounds have been

References on pages 19-20
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encountered, and ate described in the review paper (Reprint #8). In general,

P(CH3) 3 either adds to the polyboron cations or cleaves the polyboron

framework. However, BHS.P(CH 3 )3 * cation undergoes the reaction shown in

Equation 42.

B HS.P(CH 3)3 "  + P(CH3 ) 3 -) B -H.P(CH3)3  + HP(CH3 )3* [42]

The newly formed, adduct B H7-P(CH3)3 is characterized by its :!B signals that

appear at -56.3 (d. JB?=80 Hz), -24.5 (d,BH) and -23.7 pom (d,BH) . The

compound decomposes above -50 'C. The B5Hs-P(CH 3)3' cation is isoelectronic

with BsH 9 . The protic acid character of B H9 has been demonstrated by its

reaction with alkali metal hydride or ammonia to form B5H8 -.
37 However, the

reaction of B5H9 with P(CH 3)3 gives B5H 9'2P(CH3)3.
38 Apparently, the protonic

character of the bridge hydrogen atoms in the B5H8 .P(CH3)3  cation is enhanced

by the ionic charge, and therefore the deprotonation is facilitated. Complete

characterization of the cation including its chemical behavior is yet to be

completed.

,HI..SJ. jf -. Reactivities of borane compounds are often changed

drastically depending upon the nature of Lewis bases involved as ligands or

solvents. Having established several definable reactions involving P(CH 3)3,

our efforts were directed to the study of systems involving weaker Lewis

bases. The synthetic study of B3H6 .2S(CH3)2' was thus initiated.

Treatment of B3H7 .S(CH3)2 with C(C 6H5)3*BF4
- in the presence of S(CH 3)2 gave

the BF4- salt of a cation which is tentatively identified as B3H6-2S(CHW)2
" .

B3H?'S(CH3 )2 + C(C 6H5 )3 +BF 4
- + S(CH3 )2 -- B3H6.2S(CH 3 )2 BF4

- + C(C 6Hs) 3H [43]

References on pages 19-20
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The cation, B3H6-2S(CH3) 2*, is characterized

by its 21 B NMR signals at -26.8 and -8 ppm inB

a relative intensity ratio 2:1. The signal

at -8 ppm is broad and assigned to the BH2  B B .-SR2
/\

unit. See Figure 4. The salt decomposes at SR2

room temperature. Figure 4. B H6-2S(CH3 )2

The reaction 43 is always accompanied by a reaction which forms

B3H6F'S(CH3)2 (Equation 44) .

B3H,-S(CH 3 )2 + C(C 6 HS) 3 +BF 4
- -4 B H 6F-S(CH3 )2 + C(C6 H5)3

H + BF- [44]

When B3H7TS(CH3 )2 was treated with C(C6H5)3 BF4 at -80 'C in CH2Cl2 in the

absence of S(CH 3)2, the fluorotriborane formation (Equation 44) proceeded

exclusively. Because of the weak B-S bond (relative to the B-P and B-N bcnds)

and the unprecedented fluoro derivative of triborane(7), the reaction

chemistry of these species should be of great interest.

The fluorotriborane adduct showed the 2.B

NMR signals at +15.5 (d, JBF-65 Hz), -19.3 and SR2

-27.2 ppm, which are assigned to the B2 , B 3  B
B

and B, atoms, respectively. See Figure 5.

The 19F NMR signal was at -170 ppm (Refer-

B B-F
ence:CFCi3 ). The compound decomposed above 3" 3\

-23 0C to give BH 9 , BF3-S(CH 3)2 and Figure 5. B.HF.$(CH.)

BH3 "S(CH3)2.

References on pages 19-20
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Reprinted from Inorganic Chemistry, 1985, 24, 795
Copyright © 1985 by the American Chemical Society and reprinted by permission of the copyright owner.

Novel Coordination of a Neutral Borane Adduct to 0 0
Nickel(0). Formation of Ni(CO)2 B2 H 4.2P(CH 3) 3]

Sir: Ni

Recently we reported' the synthesis and characterization of
Zn(II) and Cu(I) complexes of bis(trimethylphosphine)-di- H H
borane(4), B2H4 "2P(CH3 )3. These compounds represented the /
first examples of metal complexes of a neutral borane adduct and
featured coordination of the boron hydride ligand to the metal
via two B-H-M bridges. This bidentate-bridging mode of co- (CHI)3 P H P I 3
ordination had previously been observed primarily in complexes Figue 1. Proposed structure of Ni(CO) 2[B2H4 .2P(CH 3)3].
of the BH 4 -,2 BH 6

2-, 3 '4 and BHs- 5.6 borane anions. Of these
complexes of the anions, only a few are known to have the metal NMR spectrum of the compound features a broad signal at -44.1
center in oxidation state zero. So far there havt not been reports p p of ta nd]twith a re struc t whchi
of these arions complexing to the Ni() center. We now report PPM [BF3-O(C2H5)2 standard) with a triplet structure, which is
ofat theetran compengote Nict center.Weowil reort it similar to the IB NMR signal of the previously characterized
that the neutral borane adduct B2 H4.2P(CH 3 )h will react with CuI(P(CsH5 )3 ][B2 H4 .2P(CH 3)3 ] complex. 1 The 'H ("tB-spin
Ni(CO)4 to form a stable, isolable Ni(0) complex, Ni(CO)2- CIPCH)]BH-PC33]cmlx'Te11(Bsi

- tdecoupled) spectrum shows three signals in a 18:2:2 relative in-
[B 2H 4,2P(CH 3)31, which contains two B-H-M bridge bonds to tensity ratio. The most intense signal, at +1.26 ppm, is a doubletthe Ni(0) center.

The new nickel complex was formed by the direct reaction of (2JPH ) 8.5 Hz) and is assignable to the methyl protons of the
i nd niHckel H inmplex w ichforomeythne airt reaoo m trimethylphosphine groups. The signal at -0.21 ppm is assigned

Ni(CO) and B2ing2P(CH3)3 in dichromethane at room tem- to the terminal hydrogens bound to boron and that at -2.42 ppm
perature according to eq 1. To drive the reaction forward, the to the hydrogens in the two B-H-Ni bridges. Thus, the NMR
Ni(CO) 4 + B2H 4-2P(CH 3)3 - data support the structure shown in Figure 1, in which the B2-

Ni(CO) 2(B 2H 4.2P(CH 3)31 + 2CO (I) H4 .2P(CH 3) 3 ligand is complexed in the bidentate-bridging mode

carbon monoxide had to be removed from the reaction system as similar to that in the Zn(II) and Cu(I) complexes previously

it was produced, until approximately 80-85% of the reaction was characterized.'

complete. The product could be isolated by adding pentane to The infrared and mass spectral data gave further support to

its cold, concentrated toluene solution and thus precipitating it the above structural assignment. The major features of the in-

as a green-yellow solid that was reasonably air stable at room frared spectrum include a sharp, strong absorption at 2322 cm- '

temperature. Dichioromethane solutions of the isolated compound, (terminal B-H stretch), a broad strong absorption at 1895 cm-'

however, decompose above -10 *C to unidentifiable products. (B-H-M), and two CO bands at 1933 and 1909 cm-'. The

Attempts to force reaction I to completion by further removal distribution and intensities of absorptions below 1700 cm- ' are

of carbon monoxide beyond the extent indicated above resulted very similar to those of the Zn(II) and Cu(1) complexes of B2-

in the sudden decomposition of the product, with deposition of H4.2P(CH,) 3 . In the mass spectrum, the parent ion cluster is

nickel metal in the reaction system. seen centered at m/z = 292 with separate clusters for successive

The reaction stoichiometry (observed: CO evolved:complex losses of CO at m/z = 264 and 236.

formed = 2:1) and the elemental analysis of the compound (Anal. When Ni(CO) 2[B2H.2P(CH3 )31 was treated with anhydrous

Found: Ni, 19.9. Calcd: Ni, 20.1) supported the formula Ni- hydrogen chloride, the B-B bond of the borane ligand was cleaved,

(CO)2fB 2H4,2P(CH 3)3J for the new nickel complex. The "1B producing BH3.P(CH 3) 3 and BH 2CI.P(CH 3)3. Treatment of a
dichloromethane solution of the compound with excess carbon
monoxide at room temperature caused rapid displacement of the

(I) Snow, S. A.; Shimoi, M.; Ostler, C. D.; Thompson. B. K.: Kodama. G.; B2H 4.2P(CH 3)3 ligand, reaffirming the equilibrium nature of the
Parry, R. W. Jnorg. Chem. 1914, 23, 511. Ni(CO),-BH,2P(CH3)3 reaction system. Furthermore, the

(2) See, for example: Marks, T. J.; Kolb, J. R. Chem. Rev. 1977, 77, 263.
(3) Kaesz. H. D.; Fellmann, W.; Wilkes, G. R.; Dahl, L. F. J. Am. Chem. reactions of the complex with a series of phosphines of different

Soc. 195, 87, 2753. coordinative strength gave an insight into the strength of binding
(4) Anderson, E. L.; Fehlner, T. P. J. Am. Chem. Soc. 1971, 93, 1041 of the B2H 4.2P(CH 3) 3 ligand to the Ni(0) center: The ligand is
(5) Gaines. D. F.: Hildebrandt, S. I. In 'Metul Interactions with Boron displaced rapidly and completely by PF3 at -80 C. rapidly by

Clusters"; Grimes, R. N., Ed., Plenum Press: New York, 1982; Chapter plced al and slowly by PH3 at -20 *C. Thus, th
3. P(C6HS) at -40 OC, and slowly by PH, at -20 OC. Thus. the

(6) Wegner. P. A. In 'Boron Hydride Chemistry'; Muetterties. E. L., Ed.. bidentate coordinative bond of this borane ligand is not very strong.
Academic Press: New York, 1973; Chapter 12. and this property can be utilized for the facile, low-temperature

(7) Klanberg, F.; GuUenberger, L. S. J. Chem. Soc., Chem. Commun. preparation of certain Ni(0) complexes with the formula Ni(C-
1967, 1293. Klanberg. F.; Muetterties, E. L.; GuUenberger, L S p
Inorg. Chem. 1963, 7, 2272. Guggenberger. L. S. inorg. Chem. 1970, O) 2L2. The above reactions yielded Ni(CO) 2(PF3) 2, Ni(CO) 2-
9. 367. See also ref 2, p 266. [P(C 6H)f] 2, and Ni(CO)2 (PH3) 2 , respectively. Further study
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on the complexes of the B2H4-2P(CH3)3 ligand involving other
metals in oxidation state zero and their reaction chemistry is in
progress, and the results will be reported elsewhere at a later date.
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The triborron complex cation BAH6.2P(CH 3)3 I represents the
first example of Lewis base attached boron cluster cations, and
some novel reactions involving this cation were reported recently3'3
While its reaction chemistry continues to be an intriguing subject
of study, the search for other members of the polyboron complex
cation family is of natural interest. Several members are known
to exist in each of the related, neutral (B,,H,,..L, L - Lewis base)
and anionic (B.H,,,5- boron hydride families.

4

(1) Kanmeda, M.; Kodama, G. J. An,. Chem. Soc. 3916. 102, 3647.
(2) Kameda, M.; Shuno, M.. Kodama. G. Mors. Chem. 1914, 23, 3705.
(3) K~ameda. M.; Kodams, G. Inop'g. Chem. 1964, 23. 3710.
(4) See. for example: Shore. S. G. In "Boron Hydride Chemistry";

Muetterta, E. L., Ed.; Academic Press: New York, 1975; Chapter 3.
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BF..

aa

FlweL2 + 10 to -20 ppm portions of "B NMR spectra of BH,.2P-
(CH3, 58F4., indicating the multiplet features of the B(3) and B(4)

b signals: (a) normal spectrum; (b) proton-spin-decoupled spectrum.

31o ;o .0PPM two different B(H)P(CH3)3 moieties in the cation. The more
Figire . 1B NR (2.1M~z spetraof 4HP(CI)3BF, in shielded of the two is attributed to the apex boron atom (or the

FH22 a. "bin N m er(32.1 :a) pecral spcfum B 2 ()~~ prtn- boron atom opposite to the B-H-B bridge bonds).$ The broad
spndcH2CI2 a spmbetrusm.esue (b omlsetu:()Pf ump, which centers around +2 ppm and partly overlaps with

the BF4 -signal, consists of two signals. In the 'H-spin-decoupled
The above mentioned triboron cation was prepared by the spectrum (Figure I b) the feature of two-signal overlap may be

addition of the cationic species BH2* to the neutral borane adduct discerned. The relative intensity ratio of this hump (excluding
B2H,-2P(CH3)3 .' Anodhe borane cation of different type, B6111 ,, the BF4 signal) to the other two B(H)P(CH3)3 signals was
was prepared also by the addition of the H+ cation to BsH, 0.1 An measured to be 1.8: 1.0- 1.0. Shown in Figure 2 is the + 10 to -20
alternative approach to the synthesis of a cationic borane species ppm portion of the spectrum of a separate sample, which was
would be the abstraction of a hyride anion (or any anionic species) recorded for a closer look at the spectral features in this region.
fromn an appropriate, neutral borane compound. This method was As indicated in the figure, the broad hump consists of a triplet
employed in 1970 by Berijamin and c-ornr 6 for -'',- preparation and a doublet (Figure 2a), each of which reduces to a singlet upon
of the H2BLL"+ cations. They treated the Lew+ base adducts irradiation of the sample with the 'H resonance frequencies (Figure
of borane(3) with triphenylcarbenium (trityl) cation in the 2b). Thus the cation is of C, symmetry, and assignments are made
presence of Lewis base L' to cmfdy synthesize the monaboron for the four signals as follows: B( 1), -48.3 ppm (4w, 126 Hz,
complex catins. JaH 106 Hz); B(2), -14.2 ppm (Jgp- 115 Hz, Ji 122 Hz);

The abstraction of the hydride ion would be facilitated if the B(3), +0.75 ppm, (d, Jsa at 120 Hz); B(4), +2.7 PPM, (t, '3M
hydridic charactrof thehydrogenatonmsin th bm opon t 120 Hz). The 31P1lIHI NMR spectrum at 12 1.5 MHz clearly
were enhanced. Boron hydride anions represent the obvious, showed two overlapping 1:1:1:1 quartet signals at -6.1 (P(2), Jap
extreme case where H- can be abstracted easily. With regard - 110 Hz) and -4.6 ppm (P(1), 4,p 127 Hz). Thus, like those
to the neutral bonn adducts, one expects that, the stronger the of the trio B3H17, B3H7.P(CH 3)3, and BH 6.2P(CH 3)3', the
donor property and the larger the number of the Lewis bae structures of B4H,9. B4H,-P(CH 3),2 and B4Hr2P(CH 3)31 are
involved, the more hydridic the borane hydrogen would be. The closely related. Replacement of H- by P(CH3)] at the 1 -position
hypho-clasa tetraborane adduct Bs.r2P(CH) 3

7 therefore was of the B4H, structure, followed by the same replacement at the
chosen for its conversion by means of the hydride abstraction into 2-position of the resulting B.H,.P(CH])3, Completes the Structures
the tetraboron complex cation. The desired cation formation of the tetraboron trio.
occurred, and its tetratfluoroboraste malt could be isolated. Oetakydretrlborate(I-) Salt of the Tetraboro Cads.. Bis-

(trimethylpbospbine)-tetraborane(8) reacted with tetrahydro-
R "' ad Dhconimfuraft-triborane(7) to give the B3H16 salt of the tetraboron complex

Syndihsa ad (C wirada of 3aH-r2P(CH3)3+DFj4 . When cation.
bis(trimethylphosphine)-tetraborane(8) was mixed with trityl +b0 *c
tetrafluoroborate in dichloromethane. the following reaction oc- B4H,-2P(CH 3)3 + B3H7-THF -X7curred above -80 *C: B4Hr2P(CHs),+B3Hs- + THF (2)
B4H,.2P(CH 3), + (C6Hs)3C+BF 4 - The reaction proceeded at a moderate rate. The B3H,- salt.

D4H7-2P(CH3) 3+BF4 7 + (C,),CH (1) however, converted slowly at room temperature into the tri-

The reaction was virtually quantitative. After the evaporation methylphosphine adducts Of BAH and B3H7.
of the solvent, the salt of the tetraborron cation could be separated B4Hr2P(CH3)3+B3H,- - B4H,-PMe, + B3H,-PMe3 (3)
from the solid residue by washing it with toluene. The new
compound is soluble in dichloromethane but insoluble in toluene. This exchange of P(CH 3)3 for H- between the cation and the anion
It is very sensitive to moisture. Once the compound is exposed indicates that the hydride abstraction (eq 2) is the process that
to the slightest amount of moisture, the B3H 6-2P(CH 3)3+ cation is kinetically favored over the alternative phosphine abstraction.
is produced from it. Tetraborane(10) reacted with B.H,-2P(CH) 3 to give the B3H,

Shown in Figure I are the 11B NMR spectra of B4H7-2P- salt also.
(CH3)3

4 BF4- in dichloromethane at ambient temperature. Also -10 *
shown in the figure is the structure of the cation, which is proposed B4H,-2P(CH 3)1 + B.H, 0 CI1
on the basis of the observed " B and 31P NMR spectra. The sharp H72(H)-H1+ /B ,(4
signal at -1. 1 ppm is due to the BF4- anion. The multiplet signals BH.PC)B, /BH 4
at -48.3 and -14.2 ppm unequivocally indicate the presence of Here again, the hydride abstraction is the kinetically favored

process. This and the above reaction of BHTHF (eq 2) contrast
with the reaction Of B2H, with B4Hg.2P(CH3) 32

(3) Johnson, H. D.. 11; Brice. V. T.; Brubaker, G. L.; Shore. S. G. J1. Amw.
Chrm. Sor. 1972, 94. 6711. ________________________

(6) Benjamin. L. E.; Carvaiho, D. A.; Stsfiej. S. F.; Takics. E. A. Inorg. (3) Hermanek, S.; Plesek. J. Z. Anorg. A1ug. Chemn. 1974, 409. 115
Chemn. 1976.,9. 144. (9) Remind. Rt. J.; Johnson. H. D., 11; Jaworiwsky. 1. S.; Shore, S. G. J(7) Kodams. G.; Kamneda, M. Inorg. Chemn. 1979, 18. 3302. Am. Chemn. Soc. 1975, 97. 5395.
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ro. teMP and the solution was frozen at -197 1C. A 0.535 mmol sample of
B4 H,.2P(CH,) 3] 2 + 1/2B2 146  CHC1 C(CH,)3*BF4 - was placed above the frozen aolution through the side

B4HP(C3 ), BH.P(C 3),(5) tube under the atmosphere of dry nitrogen gas, the side-tube was sealed
BHsP(C 3)3 BH-P(C 3)3(5) off, and the veasel was evacuated. The reaction occurred at -80 *C as

in which no evidence for the formation of the B2H7, or BH,- salt evidenced by the change of color of the solution from a dark yellow to
of the B4H7 .2P(CHs) 3 + cation could be found while the reaction a pale brown in 10 min. Pieces of solid (the trityl salt) were still seen.
was monitored with the use of a "IB NMR spectrometer, starting The mixture was allowed to warm stepwise to -60, -45, -23. and 0 *C
at -80 OC. and room temperature while it was stiffed for 10 min at each of the

Diboane6) r ttrahdroura-boane3) i caabl ofab- temperatures. The solution was clear, and no noncondensable gas wasDiboane6) r ttraydrfum-bornc() i caabl ofab- found. Then the solvent was pumped out, and the tube containing anstracting hydride from borane compounds. The reactions of off-white solid residue was transfered to a filtration unit. The solid was
BH 3 .N(CH3) 2;, (BH3) 2SC 2H5-, and B4H9.P(CH3)3 - with B2H6  washed with toluene until nothing could be extracteod, and then the re-
give u-(CH 3)2N-82H5,'10 A-(C 2HS)SB 2H5," and B4H@.P(H 3)3, 12  maining solid was washed into another tube with CH 2C 2. Removal of
respectively, the BH4 - salt of the Na* or K" cation being another the solvent from the solution by evaporation gave a white solid of
product in each of the reactions. The formation of the B21-7 - B4Hr-2P(CHs)s+BFj-. Anal. Calod for B5C,H5P2F4: B, 18.7%. Found:
anion" 18.4%.

Row"ls of D4H-2P(CH5 ), with DH.,THF. A 0.54-mmol sample of
H H solid B3HrTHF was prepared'5 in a 19-mm-o.d. tube equipped with a

H-8-H-8-H- standard taper inner joint, and the adduct was dissolved in 1.5 mL of
H H CH2C 2. A 0.53-mmol sample of 34Hg-2P(CH3)3 was prepared in the

offers an example of the significant interaction of the BH, acid ame manner as described above, and placed in a 9-mm-o.d. tube
with the hydridic hydrogens in BH 4-. Indeed, it would be this equipped with a stopcock and an outer joint. The tube containing the

ki B,HrTHF solution was attached to the 9-mm tube through the joints,type of B-H-Bl interaction that makes the hydride transfer k- the system was evacuated, and the solution was poured onto the B4H,-
netically favorable over the phosphine transfer in the above re- 2P(CH-3)] Sample at -80 OC. The BH7.THF that was adherring on the
actions (eq 2 and 4). That is, the terminal hydrogen atoms are wall was gathered above the solution in the 9-mm tube by cooling the
exposed to the attacking borane acids for the facile interaction, lower end of the tube to -197 9C. The mixture was mixed to a uniform
Apparently, the acid strength or the hydride affinity of B,H, and solution at -80 *C, placed in the cold probe of the NMR spectrometer,
B4HI 0 is strong enough to effect the hydride transfer to these and examined for its change, starting at -80 OC.
attacking acids after the intermediates involving the B-H-Bl bonds No change couldl be aen until the temperature was raised to -10 OC,
are formed, whereas the hydride affinity of 132H16 or BH3 is not where a very weak signal of 33H,* could be detected. At this tempera-
high enough to allow the H- transfer to occur. A similar ex- ture, the progres of the reaction was very slow. At + 10 OC the growth

of the ,- and D.Hr2P(CHI)3+ signsals was reasonably fast. At +20planation based on the hydride affinity difference was used to OC the reaction was almost complee in 5 miii At this time the signals
account for the strikingly differet behavior between the D13Hs- of B35H,.P(CH5 ), could be detected. The signals of DaHrP(CH3), and
salt of the B3Hr2P(CH3)J2+ cation and the B2H_ saIt of the same BsHrP(CH3)s grew steadily at the expesus of the D.H2(CH)3+16H-
cation-' signals, and 1.5 h later the spectrum showed that the solution contained

-q bm swine DsHrP(CH3)j and DH,-P(CH 3)3 in a 1:1 molar ratio, the minor con-
Gewr DaIL onvntinalvacum-lne echiqus wre sed taminants being BH,, BH,.P(CH3),, B1He2P(CH,)J*, and BI.
Geseal ata.Conentonalvacum-lne echique wee ~Reactiess Of B^H2P(CH3)3 with B4H1,. A Il1-mnd sample of B,-

throughout for the haundling of volatile and air-sensitive compounds. Th Hs-2P(CH3)3 was prepared in a 10-min-od. tube equipped with a stop-
sources of B,1I#, 94H19. CH 2C12, and tetrahydrofuran are described cock. and the adduct was dissolved in about 2 mi. of CH2CI2  A 1.1 -
elsewhere2 Toluenes (ruagft grade) wa rulluxed andl stored over CaH 2. mmo amIple of B4HIG was condesed in the tube and was mixed Into the
Trityl tetrufluoroborate (Alfa Products) was dried on the vacuum line solution at -80 *C. The change in the solution was monitored on the
before use. The NMR spectra were recorded on a Varian XL4100-15 NMR spectrometer, starting at -80 OC.
spectrometer operating in the Fr mode. A VUai SC-300 spetrometer No change could be detected until the solution was warmed to -20 1C
was used to obtain the "P NU4R spectra. The shifts were expresed with where the Signals Of B3H,6 and BH7-2P(CH),+ began to appear. At
respect to DlFO(C2 ,) 2 and 85% ortboplsosplsoric acid. Low-field shifts -10 Sc the reaction was fairly fast, and the BR1I, signal grew. At +20
were taken positive. *C the B.Hr-2P(CHs), 4B,Hs- formation was fast and appeared to be

SYutheu Of B4JTr2P(CH),UF. From 0.53 mmcl of BH 1I and completed in a few minutes. At this time the weak signals of BHr-
1.66 mmnol of thmethytlhospsine, with the use of a sublimation-sampling P(CH,)3 and B4HP(CH,), were pie=ent in the spectnum of the solution.
apparatus," B4Hs-2P(CH 3) 3 was prepare 7 and was placed in a 22- Minor signals due to B,H, and BH,-P(CH],) were detected also.
mm-o.d. reaction tube equipped with a 24/40 inner joint and a I10-mm-
od. side tube (for the later introduction of the C(CHs, 33F 4 - ample Acknowhdgmest. The authors acknowledge support of this
into the reaction tube). The adduct was dissolved in 3.5 mL Of CH2C12, work by the U.S. Army Research Office through Grant DAAG

29-81-K-0101.

(10) Keller, P. C. Inog. Chem,. 1971, J0, 1528. RegitSS No. B,Hr-2!P(CH)13F,. 97042-31-4; DHs-2[P(CH3)3,
0 1) Mielcarek. 3.3.; Keller. P. C. . Chtem. Soc., Chtem. Commun. 1972. 66750-83-2. BsH 4-2[P(CH 3)3 ]*, 97012-35-6; B]H,-THF, 52842-96-3;

1090. B4H-r2rP(CH3)31]B3Hs-. 97012-37-8; B4HB-PMe,. 71749-92-3; B3H7.
(12) Shimo,. M.; Kodama, G. Iasorg. Chern. 1963, 22, 1542. PMe], 97012-38-9; B411 10, 18283-93-7.
(13) Brown. H. C., Stehle. P. F.; Tierney, P. A. J. Am. Chtern. Soc. 19.

79, 2020. Shore, . G..LAwrence,S. H.;Watkins. M. L; Bau, R.J.
Am. Ctern Soc. 1962, 104. 7669. (15) Kodama. G.; Pany, R. W.; Caner. 3. C. . Am. Chern. Soc. 1959.81.

(14) Dodds. A. D. Kodama. G. Inorg. Chern. 1979, 18. 1465. 3534.



Reprint #3
Attached Document
Final Report
DAAG29-85-K-0034

Reprinted from Inorganic Chemistry, 1985, 24, 2871
Copyright ( 1985 by the American Chemical Society and reprinted by permission of the copyright owner.

Isolation and Characterization of Scheme I
Bis(trimethylamine)-Diborane(4) <>8 H3-N(CH 3

Sir.- - ' BHt) 2 N(CHN3-,-C- H3)3 ( B -NIC8

We wish to report that bis(trimethylamine)-diborane(4) has (CC3N N(CH,3 -B--B,- -- C-B-

been isolated as a sublimable solid. The trimethylamine adducts
of many borane fragments are well-known; however, the amine
adduct of the second simplest borane fragment B,H 4 was not methylamine in dichloromethane resulted first in the formation
reported previously in the literature. Apparently in the past, the of trimethylamine-triborane(7) at -80 'C, and then. when the
compound was overlooked in the products of certain reactions that reaction mixture was warmed to 0 *C, the cleavage of the triborane
should have contained the adduct,' or it was not formed by the framework slowly occurred to give B2H 4.2N(CH3) 3 and BH,-
reactions that were chosen for its synthesis. 2 In general. reports N(CH) 3. Typically, a 0.5-mmol quantity of BH,.THF was
on nitrogen base adducts of diborane(4) have been scarce, and dissolved in about I mL of CH,C, and was allowed to react with
characterizations of the compounds have not been complete.' On 2.0 mmol of N(CH 3)3 at room temperature for 15 min. After
the other hand, the BH adducts of P(CH ),,4,5 P(C6H,) 3," PFX removal of the solvent by evaporation, most of the BH .N(CH ) 3
(X = H,' N(CH3)2,7 F,8 Cl, 9 and Br9), and CO' ° have been in the solid residue could be removed by sublimation at 0 'C under
isolated and characterized. Recent study in this laboratory on vacuum, and then the remaining solid was sublimed at room
the reaction chemistry of BH 4 .2P(CH,) 3 revealed novel aspects temperature onto a cold finger (near 0 'C) to obtain a pure sample
of this compound. These included the formation of a triboron of B,H 4-2N(CH,)j. The yield was virtually quantitative. The
complex cation." the chelation to metal centers through two mass spectrum of the compound (El. 17 eV) showed the parent
B-H-M bridge bonds,'2 and the framework expansion of borane ion cluster in the range ml: 142-145, which corresponds to the
compounds. '

.1. 1' 4  These new developments involving B2H 4-  formula BH,.2N(CH3) . . The NMR shift values were -3.5 ppm
2P(CH3)3 prompted us to investigate the nature of the tri- for ''B [BF 3.O(C,Hs) 2 reference] and 2.45 and 1.67 ppm for the
methylamine analogue of the B.H 4 adduct and led to the isolation methyl and borane protons, respectively. The '1B-spin-coupled
of the once elusive trimethylamine adduct of diborane(4). The 'H signal was broad with a doublet feature, which collapsed to
behavior of the new adduct toward acids paralleled that of B2- a singlet upon irradiation with the ''B resonance frequencN.
H4 .2P(CH 3)3. Yet, certain chemical properties of some of its The new bis(trimethylamine) adduct is inert to both tri-
derivatives appeared to differ from those of the trimethylphosphine methylamine and ammonia. However, trimethylphosphine dis-
analogue. A brief description of one such notable difference is places one of the two amine ligands from B2H,.2N(CH,), readily
included also in this communication, above 0 'C to give BH 4-.N(CHj)3.P(CH,) 3. NMR shifts for

Treatment of tetrahydrofuran-triborane(7) with excess tri- B2H4 .N(CH ,),P(CH,): "B, -2.9 (B\) and -37.0 ppm (Bp): 'H,
2.52 (Hc.), 1.14 (H. P, 2J - 9 Hz), 1.75 (HB ,, and 0.03 ppm
(HBP, 2J 17 Hz). The second amine ligand is resistant to this

(I) Burg, A. B.: Stone, F. G. A. J. Am. Chem. Soc. 1953. 75, 228. Ed- displacement. Thus, only about 1 5'7 of the original amount of
wards. L.. L Hough, W. V.; Ford. M. D. Int. Congr. Pure .ppl. (hem.,
[Proc.] 1957. 16th 475. the adduct was converted into B,H42PMcj when a solution of

(2) Deever. W. R,: Miller, F, M.: Lory. E. R.; Ritter. D. M. "Abstracts of B,H4.2N(CH.), in trimethylphosphine was kept at room tern-
Papers'. 155th National Meeting of the American Chemical Sociey,, perature for about 3 h. The bis(trimethylamine) adduct of B2H4San Francisco, CA. April 1968; American Chemical Society: Wash- is reactive toward acids and is cleaved by hydrogen chloride to
ington, DC. 1968; No. M215. Cragg, B. R.; Ryschkewitsch. G. F,
Inorg. Chem. 1976, 15, 1209. form BH3.N(CH,), and BHCI.N(CH;)3. When treated with

(3) Mikheeva, V. I.; Markina, V. Y. Russ. J. Inorg. Chem. (Engi. Transi.) B,H, or B4 110. it gave a new triboron complex cation, B3H,.
1960, 5, 963. 2N(CH3 )3

+ , the counteranion being B2H, or BH, . See the first
(4) Hertz. R. K.: Denniston, M. L.; Shore. S. G. Inorg. Chem. 1978, 17, step in Scheme I. NMR shift data for the BH,-2N(CH,),*2673.
(5) Kameda, M.; Kodama, G Inorg. Chem. 1"0, 19. 2288. cation: ''B, -9.7 (BH,) and -15.8 ppm (BN); 'H, 2.73 (H() and
(6) Gaybill, B. M.; Ruff, J. K. J. Am. Chem. Soc, 1962, 84. 1062. 1.93 ppm (HB). Apparently, migration of the borane hydrogen
(7) Lory. E. R.: Ritter. D. M Inorg. Chem. 1971. /0. 939. atoms is rapid relative to the NMR time scale and the 1.93 ppm
(8) Deever, W. R.: Ritter, D, M. J. Am. Chem. Soc. 1967. 89. 5073 signal remains a singlet to -90 OC in the ''B-spin-decoupled

Deever, W. R.; Lory. E. R.; Ritter, D. M. Inorg. ('hem. 1969. 8, 1263.
(9) Paine. R. T.; Parry, R. W. Inorg. Chem. 1975. 14, 689. spectrum. Although the B3H, salt of the triboron cation is stable
(10) Rathke, J.; Schaeffer, R. Inorg. (hem. 1974. 13. 760 at room temperature, the B2N 7 salt decomposes slowly above 0
(1) Kameda, M.: Kodama. G. J. Am. Chem. Soc. 1980. 102. 3647, 'C and gives BH-.N(CH,)3 and BH .N(CHj),. The above
(12) Snow, S. A.: Shimoi. M.; Ostler. C. D.; Thompson. B. K.; Kodama. G.. behavior of BH 4.2N(CH.), toward acids and the stabilities of

Parry. R. W. Inorg. Chem 19 4. 23. 511. Snow. S A.; Kodama, G the triboron cation salts are similar to those observed for B-
Inorg. Chem. 1985, 24. 795

(13) Kameda, M.; Shimoi. M.: Kodama. G. Inorg. (hem 1984. 23. 3705. H4.2P(CHj),) and its triboron cation derivatives.' It is noted,
(14) Kameda. M.; Kodaina, (G Inorg. (hem. 1982. 21, 1267 however, that the reaction of BH,,.2N(CH0,+BH with N(C-

0020-1669/85/1324-2871$01.50/0 c 1985 American Chemical Socict,

-, -, iAii



2872

H 3)3 proceeded in a manner which was entirely different from an additional insight into the roles of different Lcwis base ligands
that of B3H6.2P(CH 3)3 B3H8-. The latter compound reacted with that are responsible for subtle reactivity differences of borane
N(CH 3)3 and gave the tetraborane(8) adduct B4H8.P(CH 3)1. adducts. Further work on the derivative chemistry of B2H 4 '
N(CH 3)3-. In contrast, the treatment of B3H6.2N(CH 3),,'B 3H8- 2N(CH 3)3 is being pursued. and the details of the results will be
with N(CH 3)3 (1:2 molar ratio) at -20 'C resulted in the ab- reported at a later date.
straction of a BH3 unit from the cation, the B,11-18- anion remained Acknowledgment. We acknowledge support of this work by
intact. Thus another new diboron complex cation, B2H3 3N- the U.S. Army Research Office through Grant DAAG 29-85-
(CH,)5_j. was produced.'" See the second step in Scheme 1. The K-0034.
"B N MR signals of this diboron cation appeared as broad humps Rgsr o 3-7TF 24-63 H-(H),7-29 2at 12.5 and -3.9 ppm with the half-height widths 300 and 450 Registry)3 No. 51-45-6;F 524-963: H 3 *N'(CH 3) 3. 975--9:B 2

Hs, seteislatio ofBHB (H) nyhsfle h 2H,.2PMc3, 671 13-98-8; B3H,.N(CH3)3. 57808-48-7: BH 2CI-N(CF1-1),.Thus th isoatin o BH-2NCH33 no ony hs filedthe 5353-44-6; B,H,;. 27380-I11-6: B3H .2429-74-2; B2H6, 19287-45-7;
vacancy in the list of representative compounds but also has given B4H,(,. 18283-93-7; B,H,.3N(CH,),-. 97551-47-8.

Department of Chemistry Rosemarie E. DePov(IS) Kameda. M.: Kodama. G. Inorg. Chem. 1984. 23. 3705. UniestofUa j Kdm*(16) Another diboron complex cation. B2H,.2P(CH,) 3*. has been synthesizedvrstofUaGjioam
[Kameda. M.: Kodama. G. "Abstracts of Papers", 40th Northwest Salt Lake City. Utah 841 12
Regional Meeting orthe American Chemical Society. Sun Valley. ID.
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Synthesis and Charaerization of 2-(Dichloroboryl)pentaborane(9)'
STEVEN A. SNOW and GOJI KODAMA*

Receiv'ed November 16. 1984

2-(Dichloroboryl)pentborane(9), 2-(CI 2B)B,H,. was synthesized by the treatment of p-(Cl2B)BjH, with ether (MeO. Et2O, or
tetrahydrofuran) followed by the reaction of the resulting 2-(CIB.OR2)BsH% with BX3 (X - Cl or F). The now compound was
characterized by its "11 and 1H NMR. mass and JR spectra. Thus, the syntheses of all three possible isomers of (dichloro-
boryl)petborne(9). ;A-, I-, and 2-isomers, were completed. The new isomer reacted with dimethyl ether, diethyl ether. or
tetrahydrofuran to form a 1:1 adduct that was undissociated at .0om temperature. Ethylene inserted into the terminal B-B bond
of the isomer to give 2-(Cl2BC2HJ)BsH.. and bromine cleaved the B-B bond to give 2-OrBHl and boron trihabldes. The comnpound
was inert to hydrogen chloride. The above conversion of W.(C1,D)B5Hj into the 2-derivative of pentaborane as the result of the
ether treatment was compared with the similar conversion of the group 14 element derivatives and was contrasted with the
conversion of o-(CHs),BIB5Ils into a hexaborane(1O) derivative.

Iatroduetim adducts relative to that of the BF, etherates. The compound
Earlier, we reported the synthesis and characterization of At- 2-(CID)D5 H, was isolated as a volatile, colorless liquid that

(dichloroboryl)pentaborane(9).t  This compound featured a yellowed on standing at room temperature in vacuo. It was
dichloroboryl (1102) fragment bridging two of the basal boron extremely sensitive to water and air and required exhaustive
atoms of the pentaborane framework. (See structure 1.) Sub- flame-drying of the high-vacuum apparatus to pr evesnt immediate

formation of BH, and a nonvolatile white solid. Although it
SC,, appeared reasonably stable at room temperature up to I week in

scf dilute dichoromethane solutions, moat solutions of this compound~/ mci2  slowly turned yellow upon Iong standing atrom temperature and
BsH, was detected in the I"IB NMR spectra of these solutions.

3C . Cbwaetsrinda. of2-(a23)35H9- MaeSpserm The
I H i mass spectrum of 2-(CID)D5Hg displayed a duste of peaks

sequently, Gaines and co-workers' reporte the synthesis and around m/z 143, with the highest mass cutoff at mf z 143, which
characterization of the isomeric compound I -(dichioroboryl)- orreponded to the formula "D.'HI~'a2 Otheir significt peak
pentaborane9) (struture 11). This compoundi was unque in tha clusters in the spectrum included m/r 5"-3 and 80-5, corfe-
a Izigonal boron moiety was u-bonde to a boron atom in a boo sponding to SH,- aind BC12-, respectively. Thus, it appeared
hydride cluster. Indeed, this compound was the first exml of that the facile dissociation of the boryl group in the spectrometer
BX2 substitution at the terminal position of the pentaborane(9) was similar to the case Of the A-(CI,)Ds% isomer.'
framework. We now report the synthesi and characterization NMR SPsetas The 11Band 'H1 NMR data for 2-(CID)DsHg
of a third namwrof (dichhorubm)1)pentborae(9), 2-(C1B)DH. are listed in Table I along with those for other new, related
This isomer, shown as structures III, contains a similar, discrete com~pouinds, and the " IB spectra are shown in Figure 1. The
boron--boron @-bond at a basal position of the pentaborane doublet opal at -50.3 ppmn can be assigned to the apex 3(1) atom
frarneworkL This study thu concludes the isolation. of &H dr and the two doublets at -11.8 and -7.8 ppm in an approximately
possible isomers of (dichloroboryl)pentaborane(9). 2:1 intensity ratio are assigneid to the B(3,5) and B(4) atoms,

R~ms nd DhinISSrespectively. The signal of the trigonal boro atom in the -DCI,Rasit aWDfisodoemoiety appears at +67.5 ppm with a liut value of 106 HL The
A. Syntibs of 2-(C1,3)11, 51. 2-(Dichloroboryl)penta- signal of the 3(2) atom, which is expected to beaa broad quartet

boman(9) was formed by a two-step process starting with u~- also, is overlapped by the B(3,5) signal, and only its high-field
(dichloroboryl~pentaborane(9): end is discernible in the 'H-spin-decoupled spectrum (see Figure

-so .c 1). The "D-spin-deoouplod 'H NMR spectrum shows the presence
,'(Cl,D)DsH + R.O -"* 2-(ClBORP,)B,H, (1) o*two signals in a 1: 1 intensity ratio in the bridge hydroge region.

R0- Me2O, Et2O, or tetrahydrofuran (THF) Thus, the NMR data are consistent with the structure of 2-
RO (CID)D5Hs, which is schematically indicated in the figure. It

2-C2'Re9H X "wap is noted that, although the terminal "1B-"B coupling constant
2-(CIDR,)DH + BX C1j (106 Hz) is in the range (79-151 Hz) that has been found for

2-(CID)D 5Hs + X3B-OR2 (2) the other compounds,' the Kroner and Wrackmeyer correlation
- D, r DIpredicts 3"4 a value of 86.2 Hz for the " B-" B coupling constant.

DX3 , rB1 The assumptions made for the calculation were that the -3d,2
In eq 1, the DC12 group migrated from its original bridge position moiety is hybridized spr' and the hybridization of the B(2) atom
to a basal terminal position upon the reaction with ether. in 2-(CIB)BsH, is the s-ime as that in 2.2'-(BsHl)2, which is
Characterization of 2-(CI,3-OR)D5 H, is described in part D of deduced from the observed B(2)-B(2') coupling constant 79.4 Hz.3
this section. Treatment of the ether complex of 2-(dichloro- The disagreement between the observed and calculated values is
boryl)pentaborane(9) with an excess of BX3 in dichloromethane considerable. It has been showrn3 that the same treatment for the
liberated 2-(CID)BsH, which was recovered in a 63-70% yield terminal IIB-11D coupling constant for l-(CI2B)B5Hj, with the
based on the original amount of ws(Cl2B)B9Hj used. For ease assumptions similar to the sbove, gives I 19. Hz. which is in good
of isolation of 2-(CJBBHIP, BC13 was the preferred choice of agreement with the observed value 124 Hz. The cause of this
Lewis acid to BF), because of the lower volatility of its ether discrepancy between the two systems is not immdiately obvious.

(1) Nelson, MI. A.. Kameda. MI.. Snow, S. A.; lKndams. G. 1aorg. Chem.
In this paper the periodi peeup notation is accord wi reant actions 1962, 21, 2898.

by IUPAC sad ACS nomenclature oimittees. A and B notation is elimi- (2) Gaines, D. F.; Heppert. J.- A.; Coons. D. E.; Jorgenson. M. W .1wr
sated because of wide confusion. Goups [A and IIA become groups I and Chiem. 1962 21. 3662.
2. The d-tranition elementscompnrie p 3 through 12. and the p-block (3) Anderson, J.A.; Astheimer. R. J.; Odom,J. D.;Snddon, L. G. J. Am.

ilmas comprinsgpoups 13 though It. (Note that the former Roman Chiem. Soc. 191M, 106, 2275 and references therein.
number designation is preserve in the last digit of the new numbering: e.g., (4) Kroner, J.; Wrackmeyer. B. J. Chemt. Soc.. Farviday Tram. 2 1976. 72,
IIll- a nd 13.) 2283.
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Table!. "B and 1H NMR Data for 2-(Cl2 B)BH, and Related Compounds

I"IB Shifts (ppm) and Coupling Constants (Hz)

B(I) B(2) B(3,5) B(4) B(6)

compd shift JBH shift J8H shift JBH shift JBH shift Jan

2-1C12B)B.H, -50.3 178 -13.3 -11.8 160 -7.8 165 +67.5 106
2-[a 2lB-O(CH 3 ), IB, H, -51.7 171 -5.9 -13.6 158 (-13.6)0 (158) +11.3 b
2- [ CI2 BO(C, H,), IB, H, -52.3 165 -4.4 -14.3 159 (-14.3)0 (159) +7.2 b
2-(C1,B*OC.H,)B*H, -51.2 169 -3.1 -12.9 159 (-12.9)0 (159) +8.4 b
2-(CI 2 BC, H4)B,H, -52.5 172 +1.9 -13.8 156 -18.2 156 +62.0
2-[CI2B(0C.H 5 )CH 4 ] B5 H, -52.9 171 +3.8 -14.6 160 -19.7 157 +14.1

g-(Cl, B)B, HSc -34.2 185 -4.5 185 [for B(2,3) and B(4,5)] +74.8

1-(C,B)B,H.d -51.8 -13.1 160.6 [for B(2,3,4,5)1 +-75.7 124

' H Shifts (ppm)

compd H(l) H(3.,5)0 H(u) compd HM1 H(3,4,5)e H~ju)

2-(CI,B)B,H, +0.66 +2.78 -1.65,-1.88 2-(C12BCH 4 )B1H511 +0.49 +2.44 -1.51,-2.21
2-J~Q 1B.O(CH,), IB,H/f +0.31 +2.43 -1.82, -2.20

"The B(3,5) and B(4) signals are overlapped, and the shifts are almost identical. b The expected quartet structure could not be observed
due to the broadnesa of the signal. C Reference 1. d Reference 2. 1 The signals of H(3,5) and H(4) could not be resolved unequivocally due
to the broadneas of the signals. f' The signals of the CH. and CH, protons in (CH5).O appeared at 1.39 and 4.14 ppm, respectively. £ The
signals of CH. protons are located in the range from 1.0 to 1.6 ppm as overlapped peaks of a second-order coupling pattern.

7-, portionation reaction to produce BC13 and U3ri. This reaction
(I can be compared with the cleavage of B2C14 with Br2 that occurs
~ ~ jci~at -23 OC to form a mixture of BC13 and BBr, as the final

products.'
Wibs y hum Ms. No evidence for the reaiction between

HCI and 2..(Cl2B)BsHs was detected when the reactants were
mixed in dichioromethane and kept standing for 1 h at roo

B(3,5) temperature. This contrasted with the remcitilt of the B-fl bond
in D2H2P(CH3), which WAS cleaved remdily b~ ydrgn lrd

BR6 B(417B0 at -M0 -C to give (CH3)3P.BH3 and (CH1),PBH2CI. Diboron
jU tetrachloride, however, appeared to be int to hydroyest chloride.'

_________________Wihb Ethylns. Ethylene inserted into the B-B hond of 2-
_____________________________ (C12B)1 5H to give 2-(Cl2 DC2 H4 )B5H,. The reaction was slow

so so so 20 o .s0 -so0 s at roo temperature even in the presence of excess ethylene,
F1gw 1. "13 NMR spectra of 2-(3C12)BsHg in CH2CI2 at ambient requiring up to 2 weeks for the formation of a sufficient amount
tempoirature: upper, noma spctu lower, proaniwecopled of the product. Thus, the rate of this reaction appeared to be
spectrum circles, sigals of B5H9_ comparable with that of I .(C 2B)B5Hg with ethylene.2 Insertion

of ethylene into the B-B bond in B2C14 proceeds readily at -80
C. Rsacdoe f 2-0 1

3 )Bs1le With Die"y Ether. Treatment OC.9 In contrast, ethylene does not react with B2H.-2P(CH 3)3,
of 2-(CI2B)B$Hg with diethyl ether at -80 IC resulted in the even at room temperature.' 0

immediate formation of the ether adduct, which was stable in a The ethylene insertion product, 2-(CI2BC2H4)BAH, was isolated
diethyl ether solution at room temprture up to 3 h. This behavior as a colorless liquid, which was stable at room temperature, and
was significantly different from that observed for 1-(Cl 2B)BsH., was characterized by its " B and 'H NMR spectra (Table 1). The
which did not appear to form an ether complex until it was heated B(4) signal is shifted upfield 10 ppm from that of 2-(CI2B)B5Hg.
to 50 "C.2 It is known that on the pentaborane framework the and the B(2) signal is shifted downfield by I11 ppm. Thus, the
apical position carries the greatest negative charge.' This higher appearance of the "IB NMR spectrum resembles a superposition
charge density would decrease the acidity of the apically sub- of the 2-CH 3B,H# and CH 3BC12 spectra." The compound formed
stituted BC12 moiety through an inductive effect. It is notable an adduct with tetrahydrofuran at the BC12 site, as indicated by
that there is a significantly lage difference in the terminal "B-" IB the large upfielid shift of the BC12 Signal from +62.0 to + 14.1 ppm.
coupling constants of the I- and 2-isomers (124 Hz for I- The above described reactions indicate that the reactivity of
(Cl2B)B,H, 2 VS. 106 Hz for 2-(CI2B)BSH5 ). This would imply 2-(CI2B)B5Hg is similar to that of the 1I-isomer except for the acid
that the B-B bond in the apical isomer is stronger and therefore behavior toward diethyl ether. These BC12 derivatives of penta-
more resistant to the bond deformation. It may be this high energy borane(9), however, are less reactive than BZC14, or "(CI 2B)2".
of reorganization that requires the heating of the mixture for the The reactivity pa.tern of another B-B-bonded compound, B2-
1-isomer adduct formation. The considerable difference in the H.4 .2P(CH3)3, did not parallel that of the dichloroboryl compounds
observed behavior of these two isomers toward diethyl ether, due to the entirely different environment of the boron atoms.
however, is not completely understood. Further study, both ex- D- Restoen Of #-(a 23)DH, wih Ethers ((CH)AO (C2H5) 20v
perimental and theoretical, is needed to elucidate this different (CH 2)40). The reaction Of AA-(CI 2B)B3H, with dimethyl ether.
behavior.

With Brenda.. Bromine reacted with 2-(CI2B)B,H, at a (6) Apple. E. F.; Wartik. T. J. Am. Chem. Soc. 19511, 80. 6153.
moderate rate in a dilute dichloromethane solution at room tern- (7) Kameda. M.; Kodama. G. Inorg. Chemn. l9W. 19, 2299.
perature, and 2-BrB,H, and boron trihalides were produced: (8) Urry, G. In Trhe Chemistry of Boron and ita Conpounds"; Muettertic.

2-(C2B),H, Br - 2BrBH, +B~lBr~E. L.. Ed.; Wiley: New York. 1967; Chapter 6, p 351.2-(C2B),Hl Br - 2BrBH, +'BC2Br"(9)Urry. G.; Kenigan, J.; Parsons. T. D.; Schlesinger, H. 1. J. Am. Chem.
Soc. M94, 76. 5299.The mixed halide of boron in the product underwent a dispro- (10) Kameda, M.; Kodama. G.. unpublished observation.

0 1) 11B NMR shift values in ppm: for 2-CH,3,H6. 3(l) -50.4, B(2) +2.2.
B(3.5) -12.7. B(4) -18. 1; for CHDCII, -62.3 (taken fronm: Eaton,. G

(5) See. ror example: Lipscomb. W. N. In 'Boron Hydride Chemistry"; R.; Lipscomb. W. N. "NMR Studios of Boron Hydrides aed Related
Musettersies, E. L.. Ed.; Academic Press: New York. 1975; p 54. Compounds"; W. A Benjamin: New York. 19%9; pp 112. 449).
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diethyl ether, or tetrahydrofuran was very rapid at -80 'C in the dimethyl ether, ethylene (Matheson Gas Products), and bromine (Mal-
ether itself as solvent or in dkichoronth .As the reaction was linckrodt Chemicals) were purified by fractional condensation on the
monitored by I"B NMR spectroscopy, the signals of #-(CI 2B)BHs vacuum line. Commercially obtained reagent grade diethyl ether and

immediately disappeared and were replaced by the signals of tetrahydrofuran were stored over LiAIH,, and dichloromethane was
stored over molecular sieves. These liquids were distilled directly into2-(CIB-R 2)BH, which are listed in Table 1. No othersignals reaction vessels on the vacuum line.

of possible intermediates couMd be detected. Asot, viual frm The "B and 'H NMR spectra were recorded either on a Varian
the shift values in Table I, the "IB NMR spectra of the etheratem XL-100-15 spectrometer or on a Varian FT-80A spectrometer, both of
have a general feature that is common tothat of BsH,; i.e., two which were operating in the FT mode. For the Varian XL-100-15,
distinct doublets around -52 and -13 ppm stand our cwupicOUslY. spectra were obtained at 32.1 and 100. 1 MHz ("B and 'H, respectively),
Two major differences between the 11B NMR spectra of m- or for the FT-80A, "1B spectra were acquired at 25.5 MHz. Chemical
(CI2B)B 5H and 2-(CI 2BOR2)B",, however, help to identify the shifts were expressed with respect to BF,-O(C2HS) 2 and tetramethyl-
ether adduct. First, the resonance of the BCI 2 boron atom has silane. The mass spectra were obtained from a VG Micromass 7070
been shifted upfield more than 60 ppm. This is consistent with double-focusinS high-resolution mass spectrometer' ith VG data System

the conversion of a trigonaily coordinated boron atom into a 2000. Infrared spectra were acquired on a BecLinan IR-20 infrared
the onvrsio ofa trgonllycoorinaed bronatospectrometer.

tetrahedrally coordinated boron atom. The second difference seto . Samples
between the two spectra is the broadness of the two signals that of u-(CI2D)BHg were prepared by the literature method.' Reactions
are assigned to the C12B-OR 2 boron atom and to the B(2) atom with ethers were performed in 9-mm-o.d. Pyrex tubes that were fitted
of the pentaborane framework. This wide breadth 0' /2 350 with stopcocks. A waghed sample of the i-ioner was condensed at the
Hz) is consistent with the presnec of the B--B single bod between bottom of the reaction tube and was dissolved in about 2 mL of CH 2C12.
the two boron atoms. The "B-spin-decoupled 'H NMR spectra Then a mesured amount of the ether sample was oondensed into the
showed two signals in the region of bridge hydrogen resonances tube. The mixture was allowed to malt and was agitated briefly at -80
in a 1:1 intensity ratio. This is also consistent with the 2-isomer *C. Then the tube was placed into the probe of the NMR ipecometer
structure of the adduct, but not with the it-isomer structure. (-80 'C) for the spectrum recording. The reaction of s-(CI2B)BsHs withthe ether was rapid and essentially complete at this temperature. In any

The above described migration of a boron atom from the bridge mixture whe the rati of ether to 0-(CI2B)BsH. was grester than 1, the
to the 2-position of the pentaborane(9) framework is new for group "B NMR spectrum showed complete conversito of ji-(CIB ) Bs1Is into
13 element derivatives, but is reminiscent of the ether-catalyzed 2-(CI2B.OR2)BH,. In separate experiments where the ratio was less
isomerization of group 14 element derivatives of pentaborano(9),' 12  than I, the spectrum showed the pr of both #-(CI2B)BsH and
e.g. 2-(CI2B.OR1)BsHg. No evidence for the catalytic conversion of u-

-bw (CI2B)BDA by the ethers into 2-(CIB)BH, was found in these exper-
As-(ER3)BsHs 2-(ERi)BH, (E - Si. Ge) iments.

The etherates, 2-(CIB-OR3)BH s, were unstable white soids that
Among the group 14 elements, carbon is unique in that the rapidly yellowed at room temperature. When prepared from $-
carbon-bridging derivatives of pentaborane(9) are unknown, (CI 2B)BHs, they were unstable in room-temperature solutions, and
wheres several 2-(alkyi)DsHs species are known. 3 Gaines and HBCI)OR2 was the major identifiable boron-contamining spem in thes
Jorgenson suggested,14 on the basis of their observation on the decomposition mixtures. It was noted that when 2-(CIi2)AI. was
reactions of B-- with allyl iodide and with benzyl bromide both dissolved in diethyl ether, the resultut solution of 2-(Cl 2B.OEt2 )BH,
in the aluce of it Lewis ba, that the carbon-bridging derjvative in the ether appeared somewhat more stable than when this compountd
were nble with respect to the corrupotiing was prepared from o-(CIB)B 5H. No HBClIOEt2 was detected in the

"B NMR spectra of these solutions up to 4 h at room temperature,2-isomers and that the -derivatives isotnerized to 2-derivatives whereas within 0.5-1 h this compound was detected in the solutions
at rates comparable to the rate of formation of the i-derivatives, prepared from the is-isomer.
In our boron atom migration, the actual migrating group, Prearatio mW Isebdow of 2-(Ca2B)BsH. In a typical preparation,
-BC12-OR2, behaved a a *quasi-alkyl moiety and migrated 3.04 mmol of u-(CIBMB5Hs was distilled into a 22-mm-o.d. tube (as
rapidly to the 2-position in a manner similar to that of the alkyl described previously) that contained a stirring bar. An 8-mL sample of
analogue. The formation of 2,2'-(BH,) 2 in the reaction of dry CHCI 2 was distilled into the reactor, and the two components were
K*BH, - with 2-BrBH 5

13 can be interpreted as the result of the mixed together to form a uniform solution. The solution was cooled to
quasi-alkyl behavior of the basal boron atom, which may have -197 'C to condense in 4.65 mmol of THF, and then the mixture was
entered first at the bridging position of the pentaborane anion stirred for 30 min at -80 'C to complete the reaction. To this mixture

framework. at -80 OC was introduced BCI, (6 mmol). Approximately one-third of
it was absorbed immediately. At this point solid BCI,-THF was seen

While the above similarity is apparent, a striking difference precipitating from the solution. The remaining BCI3 was condensed in
is noted between iA-(CI 2B)BsHs and 1a-[(CH3) 2 BIBsHs in the at -197 *C. After the solution was allowed to melt, it was stirred for 15
results of their interactions with ether; the latter converts into min at -80 'C, 30 min at -45 'C, and finally 20 min at 0 'C. Then the
4,5-dimethylhexaborane(I0) in the presence of diethyl ether.' 6  volatile component was distilled out at 0 'C into the vacuum line until
It is important to clarify the factors involved in these two different only a fluffy white solid (primarily BCII-THF) remained behind. The
processes since they would be responsible for determining the route last of the volatile component was pumped out at room temperature
to the cage expansion or to the exocage substitution after a borane Then the volatile component was set at -63 'C and CH2CI was pumped
species has been placed in a bridge position of a boron hydride out. 2-(CIB)BsHs was left behind as a white solid that melted uniformrncluster upon warming. It was purified further by distilling out at 0 'C and

fractionally condensing in a -45 'C trap. This procedure allowed for
Experimental Section final removal of the high-volatility impurities. Yield: 2.10 mmol of

GCmeral Data. Conventional vacuum-line techniques were used for the 2-(CI2B)BsH. or 69.1 % based on the original amount of .- (C1lB)BH,
handling of volatile compounds. For quantitative manipulation of (di- The mass spectrum of the compound was obtained on the spectrometer
chloroboryl)pentaborane(9) derivatives it was essential to have Teflon operating at 15 eV. The observed relative intensities of the peaks in the
stopcocks fitted with Viton O-ringp and removable joints with 0-ring seal parent cluster were as follows [mlz. observed intensity (calculated rela-
because of these compounds' high affinity for Apiezon M or N high- tive intensity for B5H@CI,)1: 148. 1.3 (1.2); 147. 1.6 (1.6); 146,7.9(8 4)
vacuum grease. Air- and moisture-sensitive solids were handled in glo- 145. 11.0 (10.8); 144, 17.0 (17.5); 143, 17.9 (17.9); 142, 11.4 (9.7). 14 .
vebegs filled with dry nitrogen gas. Boron trichloride, boron trifluoride. 3.4 (3.0); 140, 0.9 (0.5); 139, 1.0 (0.05). The agreement between the

observed and calculated values is good and suggest, bat the successive
lomes of pairs of hydrogen atoms were minimal for this compound under

(12) Gaines. D. F.; lorns. T. V. J. Am. Chem. Soc. 19 . 90. 6617. the conditions of the spectrum acquisition. The lose of hydrogen atoms
(13) See. for example: Gaines, D. F. A"c. Chem. Res 1973.6.416 Shore. in mass spectrometer have been observed commonly for mans borane

S. G. In "lorm Hydride Chemistry'; Muetterties, E. L.. Ed.; Academic compounds."
Press: New York. 1975. Chapter 3.

(14) Gaines. D. F.; Jorgenson. M. W. IorE. CeA,. 1909. 19. 1398
(15) Gaine.D. F.Jorgemon. MW,;KuLick.M.A. J Chem. Soc.. Chem (17) Shapiro, L.; WileoC 0..Diter. J F.; Le in, W. J. A& Chem ,Se,

Commun. 197, 380. 1%1. No. 32, 127. Dodds, A R.; Kodama. G. K. Isorg Chm lrM.
(16) Gaines, D. F. lorns T V. J. Am. Chem Soc 1979. 92. 4571 18. 1465.
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Infra.red spectral data for 2-(Cl,')B 1 Hs (10-cm gas cell equipped with was condensed at -197 *C into a 22-mm-ad, tube (as described previ- '
KBr windows): 2592(s), 1785 (w. br), 1395 (in. br). 1335 (w, sh), 1187 ously). Above the borane compound were condensed 2 mL of CHzCI2
(w), 1140 in). 975 (sh). 937 (s). 885 (s), 839 (sh). 775 (w). 722 (W) and 1.33 inmol of C2 H4 . The mixture was then warmed to room temn-
660 (m). 590 (w, br). 4"8 (w) cm-1 perature, and stirring was comnmenced. After 2-3 h the solution had

Reaction of 2-(CI23)IsI with Disehyl Ether. Into a 9-mm-ad. tube turned slightly yellow, but this color did not appear to intensify with
(as described previously) were condensed at -197 *C 0.2 mmol of 2- prolonged reaction. The stirring was continued for 2 weeks, constantly
(CI,B)B 1H6 and I mL of dietiyl ether. The tube was warmed to -80 *C, at room temperature. Then the reactor vessel was connected to the
agitated. and then placed in the probe of the NMR spectrometer for I"B vacuum line and all of the volatiles were condensed into a -197 OC trap.
analysis. At -80 OC counplexation of the ether had already occurred and The new compound, 2-(Cl 2BC2H4)B5H,. was isolated in a pure form by
only the signals of 2-(Cl 23-OEt2)DHl were present in the spectrum. fractional condensation of the volatile component into a -35 *C trap.

Reaction of 2-(C123)31Hs with INabI Into a 9-mm-ad, tube (as The compound was a colorless liquid. The 11B NMR spectra of the nest
described previously) were condensed at -197 *C 0.11 inmol of 2- compound or its CH 2CI2 solution showed no sign of decomposition after
(CI2 B)BsHo. I mL Of CH21C121 and 0. 13 mmol of Br2 (the once frac- 2 h of standing at room temperature. Yield: 0. 14 inmol or 18.6%, based
tionated bromine wax dried over P203 at room temperature). The mix- on the original amount of 2-(CI 2B)B 5Hs. The other major identifiable
ture was warmed to -80 9C with agitation and then placed in the NMR boron-containing product was BHq, which was identified by its18
probe. At 0 *C the signals of 2-BrB,H,"6 began to slowly grow. and after NMR spectrum.
1.5 h at room temperature the reaction was essentially complete. The Reactio, of 2-(C123C2H4 )BHg with UHF. A 0.10-inmol sample of
color of the solution, which had been prevtously a very dark orange-red, 2-(CIBC2H.4)B5Hs was condensed at -197 OC into a 9-mm-o.d. reaction
had faded to a light yellow, tube (as described previously). Above this compound was condensed 1.5

Since immediate assignment of the "B1 NMR signals of the products mL of THF; the mixture was warmed with agitation to -80 'C and then
was quite difficult due to extensive peak overlap, the product mixture wss placed into the probe of the NMR spectrometer. At this point the
fractionated on the vacuum line. When the volatile component was reaction was complete, and quantitative conversion into the THF complex
passed through a -63 9C trap, the high-volatility (3C13, BBr 3) component was indicated by the "13 NMR spectrum (see Table 1).
could be separated and identified. The low-volatility fraction consisted
of 2-BrBsi, (signals at -13.2, -20.9, and -52.9 ppm: it."9 -- 11, -I5, Acknowwhdguemt. The authors acknowledge support of this
-- 20, and -53.5 ppm) and possibly a small amount of I-BrB,Il, as work by the U.S. Army Research Ofice through Grant DAAG
identified by the presence of signals at -12.6 and -35.9 ppmn (lit." -12.5 29-81-K-0101.
and -36.1 ppta).

Reactin of 2-(C123)35 H1 with Ethlylene: Synthesis of 2- Reglistry No. #&-(C1 23B)BjH@, 81643-34-1; 2-[CI123-(CH3)2JB5H$,
(C12DC2 H,)3 5H. In a typicall preparation 0.75 mmol of 2-(CI 2B)5 5H. 97826-0&-7; 2-(C13.O(C2H5)2]BsHs, 97826--; 2-(CI 2B-0C4H,)B5H,

______________________________________________ 978264-0-;2-(CI2B)C1H8, 97826-09-0; 2-(C12BC2H.JB 1 97826-10-3;
8I) Eaton, G.R; Lipsomnb, W. N.'NMR Studinof Boron Hydiridesand 2-[C12B(OCAH)C 2H4JB5H, 97826-11-4; BCI3. 10294-34-5; Br2, 7726-

Related Compounds; W. A. Betan: Now York. 1969; pp 107106O. 95-6; C2H4. 74-85-1.
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Contribution from the [Department of Chernistr',. Table 1. NM R Shift Data for the Bjlie2P 11, Cation
t'ni' ersitN of Utah, Sat Lake ('i th 84112 temip. *C shift in ppm. assigni (J in iL'. J>.s I Irel iensl

Reactions of Trimethviphosphine-Pentaboranes with Triti I'1B +20 49 4. B, ( 43. Iuv 111, 14 3, 1t. (103. J,,)II Il.
Cation. Formation of -9.7. I III +03 i(5 i~ Ii) .0 1
Octahydrobis(trimethylphospbine)pentaboron(l+) and ~j
Octsbydro(trinieth vlphosphine) penta boron( I+) Cations MI 0 I .4. 111~: -1211. F 11. -(' 7.~ ~ll.r(I-

.s.It, i.I9.I. i 4 I Ill.321 I

Mitsuaki KameJa and Goji Kodama 111. 3 46, 114 Il -1 36., iii9,,, tI 1 1 .'6,M 11

Receju'ed De, ernher '2 / V8 i' +21o 2 3.,P, 146. Jp~i 111. .~P 2 Il

Earlier, %~e repoired the synthesis of' the heptah~drobis(tri- table 11. NMiR Shift Data for the B1 it,.P 11iC Ii,, 1. aon

methN lphosphine)tetraboron( I+) cation. Bj1-*2P(CH,,.) This temnp. *C shift in ppm. assigni (J in if/. J,, (rcl inicnsF
cation %4as prepared b% abstratcting at hydride ion front B,11,- 1I1 1 461,20 5 iFI~.n2 ., iw 5 , 4
2P(C~l1,l, sith the use of triphen~lcarbenium (trits I cation 1i () 4, IL (22. 40 11. 11 26. , Il I . ji, 03.

04111.2P(CII ,I + Ct(,1I' JIIw 3. V111 141

BJI1--2P(CIbI,* + (lliI 'P 10 95i 215. J,.,,)

This method of' Iis" dridc itbstraction should be applicatble ito the
preparation of other pots boron complex cations. Ifotseter. the If
ease of hsdride abstractton must be dependent upon the h~dridic '"' , .
nature of the boranec hsdrogens on the substrate borane compoundI
A, the bora ine structure becontes larger. t(fte boratec htidrioget \.
atoii are espected to beconie less hsdridic lFurthermnore. the
hsdridic chiracter of boirane h'.drogen atom, should be influenced <
b\ thle number of thle tritnet h\ Iphosphitnes that are attached to/
the borane franie%%ork. It \sas. t herefore, of interest to test the PICK4
react ion on ot lier hig he r bor,, ne coimpoiunds con ta.iing different
nuitibers ol tin iith pliosplincs S~ nthesi/ing ne % polsboron
cattioins %4.1s ol interest b.\ itsell lit particular. the structure, ,il ____

these caitions ss crc ol interest Ih li bose tet raboron caition Is. . .

isoele,1ronic: ind isritructitril ssith B,l1,*P(CIl1 and B,11 .d i RLIfe 1. 1 eii SIruIurOC PrOIX'sed tor Il.2'( 1i) t'o'iitn 4 the
B;II,,*P('t. BilIPIHo. and Bi, are isoelectronic and basil 1(.spiiie cud or cII' i, ntcni.iin iq.ehtiii )(, 7l, ' H NM1
isosiruc:iuril ssitli e.icti other 'The generalit) of this soeec- ~ pv:ir.s of file e.itioiulil ,IAt, +'n D: .( I, okienti i he tIpcr
trotlic isosiruciural leiture id \et to be tested. Iiis paper pcottinI n'rii.,l. the tossecr spcc:iruii i proiil 'JIM &1 LIPCCoul I lhe
describes the results ol these tests. \s Inch s' crc perlornied ont it tiic:iicd tallI peik it ii 4 rpmn dUC i' lit
triiteth~dphosphine addutls of pentaboranec 9

Results and N)scussion
A. Reaction of Bis(trimethy lphosphine) - 1Pentaborane(9) w ith PK

Trits I Cation. The idduct B.I,.2Pt(CH, I reacted \%iih trip ,1
tctrailluoiroboraite or hewafluoriiphosphate in d ichloromet hit ie At,
SO1 O( to gis e the B.1l,-2P( IJ,I cation. The HI , silt of this \7 N

c ation \\ .is rc,,son.,i l~ sable at ro onm telpera i ire . but thle Pt )
sailt decoitiposed hi pidl% those 0 (>I "

NNIR Spectra. The N \1R dait f for the 0. I.2 F ,' cain
ire listed in Taible I The "'B spectri sho\%n in I igure I noi
titediatlk Indicate that the mioleculc is of C ssmineir\ inid thut
the -49)4 ppri signal is due to lie apex boron miornio ti liich otie
of the piospiiies is atlthd. Fhe triplet feiture of the 1 4 3 4 V
pptin signal (due to the other phoispliine..ittaiid boron ail ni d Figure 2. 1 olf siruciiirc proposed tor H~t.'(liii Rieii it,
the t\%o doublet signals it ft 1a d 6 1) tii suggest the striistiire \tt, It \\lIR 11pcir.t Ill 11ic 1.1iiiiM itt .Ili '(1i N ( DA I 1'
of the cition to, be that shinsn in F~iguire I The assignmoents %%ere lc ic i upper spcsirii i. nornilt he 1..scr \pciriiii I, pi.u Tpill
hised oin the HI spect r.i obtaineil b\ thle se lectise itecoupliig oId.111"
boron spins

Bi Reaction of Trimethi Iphosphine Penlahorane(9) %~ ith Urits, I lihsal tro epriue k c rtlhvlur
Cation. * I mixture of BA.1 J"Fl J, id lrit\l tetrilluoro- rlstleirotietirir \leurilh\.tur

borti fit dichlorottiethanec rcnimired ithitigedit S (1 ( \t~ piospi.tic %%;s used. the pentabliron citioti could not lIe obtimed

W( '( .hoseser. ai rapid reiction occurred indl(tic 1 11,4- \ppiretitl\. the P11 , ion "las insoled in the reiction Thus., e\ en

1 ( it)*cto ki rouc h I, l o hsciina i SO ( 14,1t.P (Cll,) "ais constined ind s .irioiis boron C0tti-
II i ctio ssisprolmieilTh II sit .f hisciton is pounds Acere produced These, comtpounds, Included 814, . HI1

iii Koiir~~i % . ks~im~. ~i nre lw''iIP( l't(it . 011,1-1 BllP(([I,),. aind oither unidentified species

24P~,.H .t,ird,. I t 4m p (hem.~' S,,. 19 59, 5 1154& NNIR Spectra. The dLiti ;ire listed in Tible 11I-ie ''B spect ra
11 Isaincel.i %1i 6oIiu,1 .1 Im~ ( h,, 1.. 98 0 M .4- shoi'n in I igure 2 suggest t1,1i the molecule is oI , s~ mtietr\

1
4

i tijer,j,,jc me, s 1cek I1 / I l'.r ( /~ h, t1974. 4iiQ, Ii ite spectral li ire coflsisilft V itli the strutuili1,trmied fi

000(161) S O 7 1 1'6-2111 I ~l 501 Il eI'(7 \meic in~ ( hcrnicl Societs

obi - -
.



2012

Figure 2. The extremely large value of J~p (220 H7.) is noteworthy, above the frozen solution. As the reaction miixture w4as agitated by

C. Pentaborane(9) land Trityl Tetrafitooroborate. Penta- shaking [lie tube in a --80 *C bath, the dark yellowv color of the tritN I
borane(9) did not react with trityl tetrafluoroborate in di- cation changed rapidly to a faint yellow At this stage the original
chloromethane at room temperature. BJIl5*2P(CH,), had been completely converted into the BH,,2PWCiltlt*

D. Conclusion. The reactions described above demonstrated cation. As the tube w4as allow4ed to v"arni to roomn temperature. a clear.

thattheattchmet o elct rn-dnat ng rimthyphoshin to straw yellow4 solution resulted. At this point the solution did not contain
thattheattchmnt f elctrn-dnatng rimehylhoshin to an) boron compound other than the BI4 salt of the peniaboron cation

pentaborane enhances the hydridie behavior of the borane hy- The volatile components w4ere evaporated under %acuumn. and the re-
drogen atoms: The ease of hydride abstraction by the trityl cation sulting pale yellowh residue was wiashed w4ith toluene and then leached
increases with the number of trimethylphosphines attached to with CIlC l,. By evaporation of the solvent front the leachate, a w4hite
pentaborane. solid uf the Bji,.?PfCIi3) 3*BF, salt wa.s obtained The solid was

The new polyboron complex cation BHs,.2P(Cl-f), is iso- contaminated slightly with small amounts of decomposition products.

structural with its isoelectronic. neutral and anionic counterparts wkhich were produced during the isolation procss. The reaction wkith

B,1f,'P(Cl",)," and M~liss, : (CIl,,iPF (1:1 molar ratio. 0 46 mmol )f[cacti ic-asitar pr~ceeded
sinilarly. liowesecr. the formation of BI- 4 was observed at higher tem-

PCAPOrw- ___ a--- peratures (about -210 0(1 and was last abo,,e 0t '(_
I I I I I I Reaction of BH,.P(H,), with Tritql Cation. A ft 59-mittol sample

-a- - - a a-of BJ19-P((lI11) and 0.64 mitil of lC,11I,l ,1 were mixed in abojut

2 ml. of (iIHAU1, in a reaction tube At -80 *( mtost of the tri% salt
a' aremained undissolved. and the solution w4as dark sellowv %khen the
S Nmixture was allowked to wariti to 3. * and aitted b~ s % aking. the

Thus, the isoelectronic-isostructural feature observed for the trityl .,all 4uickl% disappeared and the solution becatie pale yellowv and

triboron and tetraboron trios is now extended to the pentaboron turbid. At this point HB~,P(l1 l), haid been conserted into the

trio. It is noted that, among BJl1,5 2P( CHd *. BIHS-P( CIil, B HII-Pf(I I I cation. \, the tube w is allowked to warm to roomt temn-
and BH 1o, .the anion is most fluxional w4ith respect to its biirane pecrature. the solution became cleair To isolaite the 111.41(~( II t*Bl

hvdoge aom igatin' ad te atin s lastflxioalTh sa.lt. this soilutioit was treated in the s.iitie imanner .is the H1l2Pt st'
hndrogen atom migration~~ and the catioislatfuon.Th cilon soilutioit (See above t D~uring this isolatiioin pi ,ccss. hoviw s, r.1

same trend has been observed for the corresponding trios Of tIn- ntiall piortion ol the salt decomposed. thtus. the produo t, ianini.ocd
and tetraboron 'i The other new :ation. B,11,-P(CItI ;1j. belongs It %kis noted that Ais the .,lt %%sas freed front triplteictune.ia it, -Ill-
to at nc-s, lanmil of' poil borvin cotnplcx catioins with the generail bilit\ iii i II,(l 1: decreised tnairkedlI
formula B,1,-II .and it is isostructural atlso xx ith its \iiture% of 8,11 and rritl Salt. \pprruniitiel HI X4-nintiol sdilipic,
isoclectronic. neutral counterpart UL,. A ( it,11, 1 1* fi %ere minted with Hji in I ' and 2 inoLir ruit'- in

Two different salts osf the trit\ I cation were used in t his stud 2-itil portions of l l-C I 1, hlen .illiisd to waint to room ietttpcr.tiurC.

The BFa salt \ielded reasoinahln stable salts of the pentahironl the reaicttion nititures were dark brtownisli ' ello% thle It \ \1 rc sts ra

cations. but the Pf , salt diid not Whenever the PI<, silt %s of these solutions contined only the sitof Bot 15. a [it Il .11. isc

used. BI , and HI-iCti viwere formed The interaction ol* the u nd to be unchianged vvc heiiniiined ' s oc

II-, ion with borane species is an interesting subjct of ;t cparitc .- cknoiledgmeni. '\c acknowl edge support oll tis, work 5%

study, and the results xx ill be repiirted ait a laiter date upont cont- the I. S. Arm% Research Ollicc thriiugh G ranit l),\r\(
pletion oht the stlidv K-0 -114

Experimental Sect ion
General Information. (ns cut tonai MI-11i iii- I ti tch nLU VC"' 11 i r ed

throughout fir the handling of air-se sitis. solatilc compound, \i-

irien gais filled. plastic bigs wecre used for the triristr of t-crsoitnc

,olids Penstaiboraitel' i. dliers ( heunicil ( o I wias t.1 :tntic .ind lt I Intg. t [H It I) Itissrittoin. Thle fOhi Site niersti ( .lri.ttt
reait-d with trittxeth\ pht.phines H aboraitir' stock. prepared h% iteri- OH, 1111t

lure iethod) to prepitre the simple, ot HJI.-21( is, ' I tie ainiplc of's Ksittida. Mt . kotnhanta. Gi In-gr( Chen 192. Is,-

ot HII..,P(IHo, wi, prepired front HJI anmd Hl2(llt. h the S ' Sore: aud cowrer, rported hi theI B \IR sjsctriiun ,, H I I
TheHI nd 'I sits4 te iitn stn onsisted ,I two doublets, ( 1 2 pptpit 16' 117t~. S_,o ppi /_ittethuwi described prestoIusls e11,adP lo h rllto If I in the reai rii, 4 1 lReittittel. R . luhisuu. 11 1) If

i \1drich ( Itici:. ( I inid \ll.i l'rOduL1si were reti,Idhcil truth tiIiwk Is , - hire. S .1 t'' ( he"t? N" 19 v Q'- i ~t ,
dichloroiiltat I lie 's MIR spcit wecre recorided on iri.n \ I iml Aies% lock. ( V' . Kodatiti. 6i . Utipiihished resultsj uh.incul,,
utr XI Im speotruonieier (Chemnical sh-ff, for HIand "T resonainces uer, KHJI in dittethit ether it X Of w( ere 14 1 i, 1o = lt, ll/i iA
tesurdecd with reterense t the BI -t.)i(L)i -ard X4;; ortiopliospliri, Is p pnt uJfjo =: 1i Ili) iud were eornparabte to Shore'* i The
.iciil sigtials. resliestiselv I or I1 resiinainces. the shilt IIt dislulut,- ;'Wr~in is dcvei% ingl similar to that ot UL') I ite doublet 1cititis
titeltie wis tiken to bet it 21( ppmi The reatctions of the pent bortt 'u the low -field sit

1
m knd tierefoure the esqui%.ilets% ott she 1, kir bas-u

coittpoiiid, iili the iril salts were pertoririd in l1-unit o'd l'res H 1 units in HAI . suggest ihi the three bridge hdri' ent ind i-
ndt' icr inin th Ibyirogeits ire undsergoitng raipid rni ifrito ec n it Itl

Tubes The tubes, containing reaction irnitircs were pliced in t h-.- ProbeI.
-t~r (t \\I Histrumteni to' iiritor the rcoions kIAolbre.% cmdar 1SnRa nr fli-r e

Reaction of Bu,lfZP((lt), *ith Trityl (Cation. \ 0i 49-iniol ,impic 19I 4 4.rtbr. 974 cmdau.I unRac oeA-i,-e -n
oft H,IIi.2PtIt wi as dissolved in about 2 nil oft ItH,(l- iii the reatown Q)It ratinu. -\ N . Sullisan. CW Dtenniston, \I I . llen/. R Is . Shotre
tube. mu iai0 61-mrnnol samiple of((C JILWHI , was added iii ilc tube S i J, -1it Chem, 1u,974. V6. 10l1 1
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Mitsuaki Kameda and Goji Kodama*
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Earlier, we reported a series of polyboron complex cations with
the formula B,H,+3-2P(CHI3 +, where n = 3, 4, and 5-' These
cations are isostructural with their respective isoelectronic neutral
and anionic species as illustrated in Figure 1. The next higher
cation of series is B6 H9.2P(CH 3)3

+, and its corresponding iso-
electronic species are B6Hi,0.P(CH,) 3 and B5H-,. which are known
to have the boron cluster geometry indicated in Figure 2a.'-'
Abstraction of a hydride ion from B4H8.2P(CHd, and BH,.
2P(CH3). were the methods for preparing the above tetraboron
and pentaboron complex cations, and the structures of these cations
could readily be related with those of the parent bis(phosphine)
adducts.2-3

The hexaboron cation would be obtainable likewise by ab-
stracting a hydride ion from B6H,0-2P(CH 3 ) 3.

BHi-2P(ClIt), + C(CH,) 3  -

B6 Itk2P(CH3 ),+ + HC(CH,),

(I) Kameda, M.. Kodama. G. J. Am. Chem. Soc. 1910, 102. 3647
(2) Kameda. M.; Kodama, G. Inorg. Chem 1985, 24, 2712.
(3) Kameda. M.; Kodama. G. Inorg. (hem. 1987, 26. 2011.
(4) Kameda. M. Kodama. G. Inorg. ('hem. 1981, 20, 1072.
(5) Remmel. R. J., Johnson, Ht. D., IlI Jaworiwsk,. I. S Shore. S. U J

Am. (hem. Soc. 1975, 97, 5395.

0020-1669/87/1326-39h8501.50/0 e' 1997 American Chemical Societ,
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CATIONIC MOLECULAR ANiONIC Discussion

BB B\ A. Ease of Hydride Abstraction. The above h~,dridc abstraction( \ ( \reaction of B6H,5 *.2P(CH3)3 was slow when compared with those
a B -s / l of BH,1*2P(CH,), and B4 Hg.2P(CH 3)3, which were instantaneous

~ at -so OC.2 The increased acidity, or the diminished h~dridic
character of borane hydrogens, of the larger borane fragment'

B N-1,, is thought to be responsible for the slower reaction rate. A similar
reactivity variation has been observed for the series of pentaborane

B ~B" compounds BH 9. BH 5 *P(CH , and B ,q-2(CHj,2

B. Structure of BAH0 2p(CH3 ). The ' B. IH. and 31 p NM R

9P 1 data for th,- B6 H9 .2P(C" 3)3 ' cation are sumrmarized in Table 1.
j.. B-.. B' --- -_~ - As illustrated in Figure 3. the "B spectrum of the cation resembles

8, BB 8 )B that of' B6H,,*P(CHd)3
4 the noticeable differences being that the

most shielded signal for the cation is a B-P doublet wkhereas the
Figue 1 Stuctresof BH,,-2PCHj*.BH,,-PCti),.and corresponding one for BtH,0 .P(CH 3)3 is a B-H doublet and that

B, H,., for It = . 4, and S. )13drogen atomrs are not drawkn in for ec inlo h ain ihteecpino h 4. p
bre~tN. he ircld P eprsent P(CI~iquartet signal (due to the bridging floron, to whi,:h the other
brevts.The irced Prepesens ~P(CH 3)3 is attached), is shifted downfield from the corresponding

B B ~ signal of BHIO0 P(CH ')3. The extremely large B-P coupling
B / constant of 212 Hz for the most shielded signal of the hexaboron

______cation is comparable with the value of 220 Hiz that was observed
for the apex B-P coupling constant of the square-pyramid-shaped

/1BH,-P(CH b), cation.) Compared with the chemical shift of basal
B, B- -1 boron atoms of B3H0,, the corresponding signal of this pentaboron

8 cation is shifted downfield also. Thus, replacement of' H by
a, P(CHi, at the apex position of B,6 1-l,5 P(CH,), results in the

Figure 2. Boron cluster geonetr .0I in BH ,,.PCHI, an B,1, in srcure of B,"92P(Cf, ' Ahich is consistent with the 1B
b) BH,,-2PCI-I,. N \1R data observed for the hexaboron cation. The assigniments

for the 'I resonance signals listed in Table I Nsere straight forward
%ith the use of single-frequency decoupling technique, on the ''B

Tlable 1. NNMR Dt~ai ot he B13,12PCli,W_ (ation'_ spins. The signals of hydrogens on the bridge boron atomi couid

B_ If i.P not be located. ProbablN, the signal is overlapped silth the closcl%
I. BI. I~,. =214 2 s. ~ . P~ ~spaced, intense two signals of methNxl h~drogens.

i .). 4j. IAt, .1 . 0S *f s M4 2 Z. P(6 1,,, 10 C. Structure Transformation. The isocleCItroni Nsstuctira

a51 = 93 I4 .t III ii) feature that w~as observed for the ti-. tetra- and pentaboron
20 3. d. Bi 1,4, Ii = Ji 9s trios!-,- has noA been extended to the trio of arachno hexaboron

I5( I54 II, ,.]( Ib,16)I. species, B5 l.,2P(CI-idi. BHp)-P(CH,),. and B311 . Addition
s 4 d.I11.51P1 'Fl of a Lewis base. P(CH 3)3 , to B0H j,.P(CI4J, results in hspn~po

Sit .94.12.5class hexaborane compound. BjH ,j*2P, CJII Through lhis.
process the structure changes from the baial-bridg'cd squaire

'Shifts. in ppiril J %alues in He Reference, t,,r the shilt 'IH. pvratmid to the belt-shaped arrangement of' sixs boron itomsBII-(C11 . P.xi orthophosphoric acids If, 4)((1-f (,) = i.18 Conversely, rmvloa Lewis bsH, frmBj ,-'ti if

I In" Kex rd.I doublet qiret Sasns(I (I o B I0 reverts the structure to the basal-bridged square ps r imid ,t ze

I' i P isd II enperiure It a'?iosBH.;.P(C I) This transformation scheme ts illuistrated

in Scheme 1. At present, nothing definitisec can be stated ;ihowi

flocvc. te srucureof he s~pospine aductis eltshaed the mechanism of transformation. ihe B-P botiis necile (1t
Hossver th strctue o thehisplisphie aditt isbel-shped their considerable strength, would remain undissociated throughout

is shown in Figure 2b' and is quite different from that in Figure teprcsofterafrmin.Pvdnghttissupin
2Lj.It as.theefor, o ineret toprearetheBj I,-2(C~),+ is correct, the observed final structure tniaN be attained thriueh

:atiton and to insestiga ic its structure. The results of' Ite studs etiNrmwr smrztossc stunosi'ted
:ire described in this paper cranfaeokioeiain uha hti~kigted!

amond-square-diamond (dsd)' rearrangements.
Results Two different boron framework structures are knossn ii) be

The hisltrimethvrlphosphine) adduct of B,14, ,, reacted slowly assumed by arachno hexaborane compounds.. One is the basal-
v"ith the trityl cation (BF, or P1<- salt) in a IA1 molar ratio in bridged square pyranmid, which is dealt %4ith fit this siudi The
dicblitromethanec at -80 'C. and the hexaboron complex cation other is the bcR-shapcd structure of BI1l,,) sshich is sinil;ir t..'

BI3..-2P((7H,),- was formed. The BF, salt of the cation slowlK that of BjH,0 *2P(CH j)j As the "skeletal electron countitte
diomposed in the solution at room temperature. The PF, salt formalism dictates.' 0 both of these structures can be derts ed !'riutti
w.is less stable, and underwent a rapid decomposition at 0 OC with the eight-vertex deltahedron (bisdispbenoidl by rerming tsso)
con~cimitant formnation of BF, . Furthermore. thie cation thus vertices.' An apparent difference betw;een the tio sets of' tlte
produced appeared to slowly undergo certain reactions w~ith the
starting compound. producing small amounts of side products.

rHowever. the cation could be chiaracteriz.ed by NM R spectroseopN.-____
and was found ito have a structure similar to that of B6H,,*P(CH,), (7) Parry. R. \A,. Edwards. 1 .1 J Amn ( hiem Si 1959. sj i 14

or B,11, . the phosphines being attached at the apex and bridge (8i L~ipscombh . W, N. .Sienc'e 15'shtigii. 1) ( ) 1966, 153, 1-;

boron atomrs. See part B of the Discussion. (9) Giaines, tD.. Schaeffer, R mnor' ( hemt 1Q64. 3. 411( 1 each J Bt
Onak. T Spielman, .1 . Riet, R R ,Schaeffer, R . Snedd,.n. I tG
Jnorg Chenm 1970, 9. 2170

"ilMangiovi, M Ihen,. R K. ,lDennision. M I . I omig. .1 R,: ('lavton. , (10) Wade. K. Adi'. Inorg. C'hemt Riadioi'hemn 197k . lS, \I Wlln,, R 1,
R Shore. S ( I i i,, Chem ... 1976, 05 449 Ibid 1976, 18, t,7 Rudolph. R W 4-, (hemi Rc, 1976. Q. 44f,

Rudlph. R . ,~ I huiunpson, 1). A mr (h,,, 1914, /1,
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BSHO&P(CHSIS P(CH,),~ CH3,

13-B B E3

B, B B

(B B) B B +

B / B-R(CH

Figure 3. Structure and I'B NMR spectra (96.2 MHz) of BH9-21P-BB
lCH3),* Spectra (32A1 MHz) of BsHIO.P)CH 3), are shown in the box 1 ,
for comparison: top, normal spectrum: bottom, proton spin decoupled P CH3  p PC'o3
spectrum.

arachno compounds is in the number of ligands that are associated obtained on at Varian XL-300 N MR spectrometer Samples of B,-
with six-boron clusters-1I versus 12. Obviously, however, further t,2PC1,.which had been obtained ais the bsproduct of B:,
studies need to be pursued to elucidate the factors that determines 2P'iC I, (or C H,B2H*'2P(('H31w preparation by the reaction of Bjl.

the trucureof a archnohexborae cmpoud. or CII ,BHI with excess P(( HJ,.'- "ere washed with dfieths) ether to
thestrctue o a archn heabran copoud.rem-ove remaining B.4H4-21(CI), (or CHIB.4-12P(C-10 and then

Experimental Section extracted with dichloromtethane. The Bj1I,,-2PlCHl,3 santplc thus ob-
General consideration and 'nrocedures for the experinments "cre the tamned was a free-flowing crystalline solid, and its ''B NNIR spectrum

same as those described in the previous reports.' The NMR data were indicated that the sample %as essentiall\ pure, traces of impurities being
B.[1-2P(CtI and unidentified boron compounds The hsdride ab-
straction reactions "ere run it)1 itt m od P~ rex tube, and were nion-Off Examples of the vertex retnoval ito achieve structures a and b are i trdwt s . h Risrmn

lustrated below. Removal of vertices 5 and then (indicated a, itRed"uea -toe ofI R,1,PC) ith rumetlSat.A.4 lame

ofB,Hjl4 g2
PI CHI its mixed with 0 Vt mmol of Cl C,HI1. I , in1

itl. ofdichlorontethane at -f O(0'C The intcnsc dark secllowA color of the
solution was seen to slowly fade. 'Ak hen B,H ,-2Pl CH "l) as treated
sitnilarls with C(C,I-13 , BfF in a 1 2. 1 .1, or 2 1 molar ratio, the same
slow change occur-red also. To ensure the completion of' reaction. these
solutions were etther kept at -80 'C for a period of over 50 h or brief]\
warmed to 0'C. (The svs tem containing the P1-, ion slowI 'k produced
BF ion when wkarmed to -4-I 'C.)I The 2:1 reastion mixture gave the
final solutiont containing the original B,.II c2P1CHVi~ aind the J-1,2P3-
(CHW cation in an approximatels 1:1 mol10ar ratio.

Acknoisledgment. This work w&as supported b\ the L S. .- rms
Research Office through Grant DAAG29-95-K-0034. The \\1R
instrument was acquired lb the universit\ with usc of' instru-
mentation funds provided by thc National S cience Foundation

(A and the Department of Defense. We gratefully acknowkledge these

results in structure A. which does not have the C, syrmetry as it is t'he
resulting framework I N) needs to slightly aIdjust itself to achieve the Regjstrs No. Bj ., 3-2PICH-l,. 57()14-29-4: (C,I,,1BfK, . 14 1-02-(,
structure shown in Figure 2it Route - 5.2- leads to strueture A'. which ( jtP ,401l7-': B,.I.2PiCHII F, . 1 10795.'5.3. B,HI,-
is of C. si mmetry. Choice of thetao routes is arbitra rN In the Bit 2PHj::II 1 107()5-19-4
ion. the bridging'BH Igroup is bonded to the two basal biiron otoms iai
a B-B bond and a B- 11-B bond.' In this sense, structure -V Ilia) be
appropriate for the anion Whereas, in B,.H,-2P{CHl l and RH,,-
PICllt,, the two basal boron atons are bonded bN a bridgintg BH. 11 (at Kameda. M,:; Kodarna. G, /nirc fherit 1980. /Q. 22Xs I h The
PICIIO, group via at closed BBB three-center boind Structure k. reaction of-CII BJI, with P1(111, Kameda. \1 Driscoll. J
therefore. nay fit better to the descriptiitn of" these two Species Kiidamia. .. unpublished results.
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CHEMISTRY OF LOWER BORANES INVOLVING TRIMETHYLPHOSPHINE

1. INTRODUCTION

In 1975, A.R.Dodds clarified the reaction of pentaborane(ll) with

trimethylamine in this laboratory,1

B5H1 1 + 2 N(CH 3)3 (used in excess) - B4H8 'N(CH3)3 + BH3"N(CH 3)3  (1)

and isolated the trimethylamine adduct of tetraborane(8) as a sublimable

solid at room temperature. This finding had a strong impact and a

significant influence on the subsequent development of the reaction chemistry

of smaller boranes that involved strong Lewis bases.

Trimethylamine was known to cleave diborane(6)
2 and tetraborane(lO)

3

to give the trimethylamine adducts of boranes:

B2H6  + 2 N(CH 3)3  - 2 BH3.N(CH 3)3  (2)

B4H + 2 N(CH 3)3  - B3H7,N(CH3)3 + BH3,N(CH 3)3  (3)

It therefore was referred to as one of the typical Lewis bases that effected

"symmetrical cleavage" of boranes. [The term "symmetrical cleavage" is used

for a type of borane cleavage reactions that produces a BH3 fragment,

e.g.,equations 1, 2, and 3. For another type of borane cleavage that

produces a BH2
+ unit, the term "unsymmetrical cleavage" is used.4,5 Typical

examples of the unsymmetrical cleavage are seen in the reactions of B2H6,

B 4H0, and B5H11 with ammonia, which give the BH4 , B3H8 , and B4H9  salts of

the H2B(NH 3)2
+ cation, respectively 4'6'7]. However, the reaction of this

base with pentaborane(11) did not appear to give the expected symmetrical

3
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cleavage products of pentaborane(1l), 84H8 "N(CH3)3 and BH3.N(CH3)3. It was

reported 8 that the reaction gave a complex mixture of boron hydride

compounds. This observation was reproducible also in this laboratory in

earlier days. On the other hand, the symmetrical cleavage of pentaborane(11)

with CO9 and PF2X [X = F, 
10 Cl, 10 Br, I,10 H,11 and N(CH 3)2 11' 121 had been

established, and the B4H8 adducts of these Lewis bases had been isolated and

characterized. It was generally assumed, on the basis of these observations,

that "B4H8 .N(CH 3)3" was unstable due to the strong basicity of

trimethylamine.
5 8b

Dodds initially prepared B4H8 .N(CH 3)3 by adding trimethylamine to a
13

mixture of BH3.S(CH 3)2 and B4H8 .S(CH3)2, which was obtained from the

reaction of pentaborane(11) with dimethylsulfide. Once isolated,

B4H8.N(CH 3)3 was found to be stable toward Lewis bases. In the presence of

excess trimethylamine, the integrity of the B4H8 unit was maintained and the

bis(trimethylamine) adduct of B4H8 was formed. The bis(amine) adduct could

be isolated below -400C.

B4H8.N(CH 3)3 + N(CH 3)3  4 B4H8 ,2N(CH3)3  (4)

These trimethylamine adducts of B4H8, however, were very reactive to acids

including pentaborane(11). It was this property of the adducts that caused

the difficulty in isolating B4H8 .N(CH3)3 in earlier days. When

pentaborane(11) and trimethylamine were mixed in a 1:2 molar ratio and the

reaction was allowed to proceed slowly at low temperatures, a portion of the

initially formed B4HsN(CH3)3 reacted with pentaboranp(11) which was still

present, and thus the reaction mixture was contaminated with unstable side

products. Isolation of the B4H8 adduct from such a mixture became extremely

4
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difficult if not impossible. The unfavorable secondary reactions were

suppressed and the symmetrical cleavage reaction of the borane was effected

cleanly by using an excess of trimethylamine in the cleavage reaction of

BsH 11 (equation 1).

H.Kondo in this laboratory prepared the hexamethylenetetramine adduct

of B4H8 by the following reaction 
in chloroform.

14

4 B5H11 + 5 N4 (CH2)6 - 4 B4H8.N4(CH2)6 + N4(CH2)6 ,4BH3  (5)

The observed thermal stability of these amine adducts of B4H8 was, contrary

to the earlier speculation, not lower than that of the other previously

reported adducts of B4H8, and was certainly higher than that of the weakly

basic CO or PF3 adduct. The above observations taken together prompted the

investigation of related borane chemistry in which strong bases were

involved. Trimethylphosphine was chosen as the base to be tested for the

investigation because of its established strong base character toward
15

boranes, the absence of detrimental functional groups attached to it, and

the ease of its handling in conventional vacuum lines.

2. REACTIONS OF SOME BORANES WITH EXCESS TRIMETHYLPHOSPHINE

2.1. Pentaborane(11)

When treated with excess trimethylphosphine, pentaborane(11) was

cleaved cleanly into the B4H8 and BH3 fragments.1
6

B5H11 + 3 P(CH3) 3 - B4H8 .2P(CH3)3 + BH3.P(CH 3)3  (6)

Unlike the bis(amine) adduct, the bis(phosphine) adduct would not dissociate

at room temperature. Because of the stability of this adduct, preparation of

5

, - . . ... -. .
1

- . a ,. " --
'
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the mono-adduct B4H8 ,P(CH3)3 was better accomplished by treating the

bis(adduct) with diborane 17 "

B4H8 ,2P(CH3)3 + 1/2 82H6  - B4Hs.P(CH 3)3 + BH3.P(CH 3)3  (7)

Several other indirect methods were developed for the preparation of

B4H8 .P(CH3)3 and were summarized in a separate paper.1
7  The reaction of

pentaborane(11) with trimethylphosphine in a 1:2 molar ratio gave an

unfavorable result similar to what was observed in the reaction with

trimethylamine. The mono(trimethylphosphine) adduct of B4H8 was a

sublimable solid and was more stable than the corresponding trimethylamine

adduct. Apparently, the strong basicity of trimethylphosphine provided a

strong bond between the borane fragment and the base, and thus increased the

stability of the adduct.

When B4H8.2P(CH3)3 was treated with excess trimethylphosphine, two

different modes of cleavage reaction slowly occurred according to the

following equations.1
8

-4 2 B 2H 4 .2P(CH 3)3  (8)

B4H8 .2P(CH3)3 + 2 P(CH 3)3

BH3.P(CH 3)3 + B3 Hs3P(CH3)3  (9)

The distribution of the two cleavage modes appeared to depend upon the

reaction conditions. The cleavage products were stable at room temperature

in the presence of excess P(CH 3)3 and did not undergo further changes.

Although BH3.P(CH 3)3 and B2H4.2P(CH3)3 are sublimable solids at room

temperature, the triborane adduct is unstable. It released two of its three

phosphines when subjected to pumping above OC, and changed into the

bis(trimethylphosphine) adduct of hexaborane(10)19

6
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2 B3 H5.3P(CH 3) 3  B6 H 0 .2P(CH 3) 3 + 4 P(CH 3) 3  (10)

2.2. Pentaborane(9)

When pentaborane(9) was treated with a large excess of

trimethylphosphine in acetonitrile or dichloromethane, or when it was

dissolved in trimethylphosphine, B5H9 2P(CH 3)3 which formed initially,1
7

reacted slowly with the phosphine at room temperature and a colorless, clear

solution resulted. One of the products was B2H4 .2P(CH3)3 and, contrary to

the general expectation at that time, no BH3.P(CH3)3 was formed. On the

basis of the observed reaction stoichiometry, the yield of B2H4.2P(CH 3)3 and

the result of the vapor pressure depression measurements of

trimethylphosphine solutions of the products, the reaction was represented by

the following equation19:

B5H9.2P(CH3)3 + 3 P(CH 3)3  B2 H4 ,2P(CH 3)3 + B3H5.3P(CH 3)3  (11)

This reaction represented a new type of borane cleavage, a cleavage that did

not produce a BH3 adduct.

2.3. Hexaborane(1O)

Hexaborane(IO) also underwent cleavage reactions when treated with a

large excess of trimethylphosphine. This reaction was preceded by the

21 22
stepwise formation of B6H10 .P(CH 3)3  and B6Ho10 2P(CH 3)3. The cleavage

appeared to occur in two different modes as indicated below.2 3

7
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82H4.2P(CH 3)3 + 84H 6 4P(CH 3)3 (ca.60%) (12)

B6Ho1 0 2P(CH 3)3 + 4 P(CH3) 3 -

-+ 2 B3H5.3P(CH 3)3  (ca.40%) (13)

The results were similar to those observed for B5H9 : Formation of

BH3.P(CH3)3 did not occur, the resulting solution in liquid

trimethylphosphine remained colorless and clear for days at room temperature,

and the final products were all "electron sufficient" (or electron precise).

The above described reactions of boranes with excess

trimethylphosphine demonstrated that treatment of boranes with a strong base

does not necessarily result in the formation of an intractable mixture of

borane compounds. Generally, the resulting borane adducts are reactive

towards acids, but are inert to bases. The ultimate "inertness" of the

borane adducts toward bases is reached when electron sufficiency is attained.

This is achieved by removal of electron deficiency by successive base

additions. Strong bases are more capable than weaker bases of removing the

"electron deficiency" from borane compounds. Cleavage of the borane

framework occurs during this process of base addition. (Nido boranes (e.g.

B5H9 and B6H10 ) are cleaved into two fragments, and arachno boranes (e.g.

B4H10 and B5H11) are cleaved into three fragments.] Ultimately, each mole of

pentaborane(9) and pentaborane(11) reacted with five moles of P(CH 3)3 and

each mole of hexaborane(10) reacted with six moles of P(CH 3)3, to produce the

electron sufficient adducts of borane fragments.

. . ... . AD -I
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3. THE HYPHO CLASS ADOUCTS OF TETRABORANE(8)

3.1. Formation of B 4H *L'L.

The bis(trim-ethylamine) and tuis(trimethylphosphine) adducts of

tetraborane(8) both belong to the hypho class of boron hydride compounds. At

the time these two compounds were isolated only a few hypho class tetraborane

adducts were known. Muetterties 24obtained 8 4H 8'TMED (TMEO =

tetramethylethylenedlamine) by the alcoholysis of 85 H 9 *TMEO which he obtained

by the direct reaction of 85 H9 with the diamine. The two unstable adducts of

carbon monoxide-tetraborane(8), 84 H 8 CO(CH 3)2 0 ard 84 H.'CO CH 3CN, which were

reported by Burg, 25may also be classified as hypho adducts of 84 H 8

Formation of the N(CH 3)3 and P(CH 3)3 adducts of B 4 H 8 CO was observed as

unstable intermediates in the carbon monoxide displacement reactions of

B 4H 8'CO with these bases. 
26

In general, both B 4H 8'N(CH 3)3 and BOB. P(CH 3)3 reacted with various

Lewis bases (L) of adequate strength to form hypho class adducts with the

formulas B4 H 8.N(CH 3)3' L 1and B 4 H 8 P(CH 3)3 *L. 1 Furthermore, even the

nonahydrotetraborate(l-) anion (B4 Hg) which may formally be considered to

be the H adduct of 8 4 H8  combined with some Lewis bases to give anionic

adducts (8 4 H9' L-).27 These bis(base) adducts prepared in this laboratory are

B 4 H8' 2N(CH 3)3, Ic B 4H 8'N(CH 3)3 .N(CH 3)2 H, Ic B 4H 8.N(CH 3)3.N (CH 3)H 2'LC

B 4H'8N(CH3)3 NH 3'ic B 4H 82P(CH3)3 16 B 4H 8 P(CH 3) 3'P[(C(H 3) 213, 17

B 4H 8.P(CH 3)3 'N(CH 3)3, 1 B 4H 9'P(CH 3)3 - 27 8 4H 9'P(N(CH 3)213 - 17 and

B H 9 NH 3- 27,29 The stability of each of the adducts listed is dependent

upon the nature of the ligand bases involved. The bis(trimethylphosphine)
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adduct is stable enough to be sublimed at room temperature, but the other

adducts can be isolated or identified only at low temperatures. At higher

temperatures, these unstable adducts either lose the weaker of the two bases,

or undergo complex decompositions.

3.2. Site Preference of the Two Different Bases

One of the characteristic properties common to the bis(base) adducts

of B4H8 is the fluxional behavior of the molecules. The 11B NMR spectra of

B4H'2P(CH3)3 indicated that the molecules were undergoing rapid

intramolecular conversions at room temperature.1
6

H aA
H\ H W 3  I

B-B

APM.
3  P*/ 9/

H H
HH

The H NMR spectra showed that this conversion was accompanied by rapid

migration of all eight hydrogen atoms in the B4H8 moiety. In a low

temperature 11B spectrum, the signal of the phosphine-attached boron atoms is

split (see Figure 1), indicating slowing of the motion at that temperature.

By comparing the two shift values of the phosphine-attached boron atoms with

those of B3H7 "P(CH 3)3 and BH3.P(CH 3)3, the high-field and low-field signals

were assigned to the apical and basal boron atoms, respectively. Presumably,

a similar conversion occurs in B4H8 .2N(CH3)3 molecules.

10
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In the hetero-bis(base) adducts, this type of rapid conversion brings

about an equilibrium of two isomers. The site preference of the two

different bases determines the relative stabilities of the two isomers. An

example is seen in B4H8 .P(CH 3)3.N(CH 3)3.
17 At -300C, this adduct undergoes a

rapid conversion relative to the NMR time scale:

\/P
BB

- 8111

In the 11B NMR spectrum of the compound at -300C, only three signals appear.

See Figure 2b. These are assigned to the amine-attached boron atom, the two

non-ligated boron atoms and the phosphine-attached boron atom going up-field.

At -800C the phosphine-attached boron signals are split into two. See Figure

2a. The amine-attached boron signal also should be split although this is

not apparent in the figure due to the broadness and the overlap of the

signals. As in the case of B4H8 .2P(CH3)3, the more intense, high-field

signal of the two phosphine-attached boron signals is assigned to the apex

boron atom. Thus, trimethylphosphine prefers the apical position to the

basal position in the structure when competing with trimethylamine.

3.3. Another Form of the Diammoniate of Tetraborane(1O)

Tetraborane(1O) forms an ammoniate with the formula

H2B(NH3)2+B 3 H8- 6  The original preparation of this diammoniate of

11
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tetraborane(10) was performed under a specific set of reaction conditions.

Tetraborane(10) and ammonia were mixed in a 1:2 molar ratio in diethyl ether

at -78 OC and the mixture was aged for a week at that temperature. Removal

of the solvent from the resulting solution gave a crystalline solid of the

diammoniate. The formation of the diammoniate of tetraborane(10) was

compared with the formation of the diammoniate of diborane(6)

H2B(NH 3)2+BH4
- ,4 and was taken as a typical case of the "unsymmetrical"

cleavage of tetraborane(10). However, the reason for these particular

reaction conditions for the diammoniate formation was not completely

understood. If ammonia was added in excess, or if the temperature was raised

rapidly above -40 *C, complex reactions occurred, unstable products formed,

and the diammoniate could not be obtained.

The adduct formation of the B4H9  anion mentioned earlier in this

section offers an explanation for the restricted conditions, when combined

with the following observation made by Shore and coworker. They showed28

that tetraborane(10) undergoes a rapid, reversible deprotonation reaction

with ammonia (B4H1o + NH - _ NH4 B4 H9 and that the irreversible
4 0 3 H4),

cleavage reaction proceeds slowly to give H2B(NH 3)2+B3H8
-. If ammonia is

present in excess and in high concentration, it will react with the initially

produced B4H9  to give the B4 H NH 3 anion. The adduct anion is stable only

below -40 'C and, unlike the B4 H anion, it will not revert to B4 H . Thus,

the presence of the adduct anion renders the entire product of the reaction

unstable and intractable. The formation of this anion could be minimized by

using solvent, by keeping the temperature low and by limiting the amount of

ammonia in the reaction mixture.

12
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The 11B NMR spectrum of a liquid ammonia solution of tetraborane(10)

(below -450C) was identical with that of an ammonia solution of KB4H9 ,

indicating the exclusive formation of NH4 B 'NH 3- 29 This ammonium salt

has the composition "B4Ho10 2NH 31, and thus represents another form of the

diammoniate of tetraborane(1O). Furthermore, the formation of such an adduct

anion may help to explain, at least in part, the even more stringent reaction

conditions that were required for the preparation of the diammoniate of

pentaborane(11), H2B(NH 3)2+B4Hg.
7

4. REACTION CHEMISTRY OF B2H4.2P(CH3)3

In an earlier section, the formation of "electron sufficient" borane

adducts was described. A boron hydride compound with the formula BnH 2n+2n
-

is electron sufficient (or electron precise), and the molecule is of chain

structure. The number of skeletal electrons 30 for such a molecule is 4n + 2,

or 2n+(2n+2). Replacement of n number of H- in such a molecule by the same

number of trimethylphosphine gives a neutral trimethylphosphine adduct which

is electron sufficient. These molecular adducts are represented by the

following series of adducts: BH3 ,P(CH3)3 , B2H4.2P(CH3)3, B3H5.3P(CH 3)3,

B4H6.4P(CH3)3 and so forth.

Each member of the above series, because of its electron sufficiency

and because of the strong donor property of the trimethylphosphine in it, was

expected to be more susceptible to electrophilic reagents and to have its

borane hydrogen atoms more hydridic in character, than other neutral boranes

13
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and borane adducts which contain the same number of boron atoms but fewer

skeletal electrons. Thus, these adducts were expected to show certain

behaviors characteristic of bases. It was of interest to investigate the

reaction chemistry of 82H4 .2P(CH3)3 to reveal the properties of the adduct

that stem from its electron sufficiency.

4.1. Formation of the 83H6 .2P(CH3)3+ Cation

Bis(trimethylphosphine)diborane(4), B2H4.2P(CH 3)3, reacted with

diborane(6) and with tetraborane(10) according to the following equations.
3 1

82H4.2P(CH3)3 + 3/2 B2H -300C B3H6.2P(CH3)3+B2H7
-  (14)

B2H4.2P(CH3)3 + B4H10 above O C 3 B3H6.2P(CH 3)3 83H8  (15)

Although the B2H7. salt of bis(trimethylphosphine)hexahydrotriboron(l+)

cation was stable only below -30DC, the B3H8 - salt was stable at room

temperature. The structure of B3H6,2P(CH3)3+83H8  32 is shown in Figure 3.

The cation is isoelectronic and isostructural with 83H7 .P(CH3)3 and B3H8

Successive replacement of trimethylphosphine in the cation by H yields the

structures of the neutral and anionic compounds.

The triboron complex cation is stable toward acids but reactive toward

bases. Thus, the reaction of the B2H7 salt with anhydrous HCI gives the

HCl 2  salt,31 and with HCI in the presence of 'CI3 gives the BCI4  salt of

the cation. 3 3 With trimethylamine or trimethylphosphine, however, the cation

undergoes reactions, which apparently are dependent upon the nature of the

counter anions. For example,
34

14
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83H6,2P(CH3)3'B2H7  3 L

B2H4.2P(CH3)3 + 3 BH3L (16)

B3H6 .2P(CH3)3 B3H8
- + 2 L -*

B4 H8 .P(CH 3 ) 3.L + BH3.P(CH 3)3 + BH3.L (17)

where L = N(CH 3)3 or P(CH 3)3.

Earlier, Parry and Edwards 5 extended their coordination chemistry view

of boron hydride compounds such as H2B(NH 3)2
+ and H3B.NH 3, to the formation

of B-H-B bridge bonds, and considered the bridge bond formation as a result

of the coordination of the B-H hydrogen to the other boron atom. The scheme

may be represented as B-p-B. A number of boron hydride compounds can be

regarded, by this formalism, as coordination compounds containing the B-,--*B

coordinate bonds. For example, tetraborane(1O) can be regarded as a

coordination compound resulting from the combination of BH3 and B3H7 groups,

each of the two groups serving as both an acid and a base, or can be regarded

as the result of chelate coordination of B3H8  to BH2
+. In this Parry-

Edward's view, the above described triboron cation may be looked upon as a

complex of BH2+ with a bidentate ligand B2H4.2P(CH 3)3 coordinating through

two B-H-B bridge bonds. Thus, the formation of the triboron cation from

diborane(6) and tetraborane(1O) compares with the reactions of these boranes

with diamines, in which chelate complex cations are formed. 3 5'36

S2

(v) 2

I - .H
me 3 P- - " 

, 30C [Ne , ]
me P-4-H 2 2 M1C3"9 -
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In terms of the borane cleavage classification, the above formation of

the triboron cation is the unsymmetrical cleavage of diborane(6) and

tetraborane(1O) by a base, B2H4*2P(CH 3)3. Certain bases bring about the

unsymmetrical cleavage of both diborane(6) and tetraborane(10). Some of

these bases, such as ammonia, also cause unsymmetrical cleavabe of

pentaborane(11).4 ,6 ,7  The reaction of B2H4.2P(CH3)3 with pentaborane(11),

however, did not give the unsymmetrical cleavage products of the borane.

B5H1 1 + 2NH 3 - H2B(NH 3)2+B4H9
-  (18)

+ B2H4 .2P(CH3)3 -X---- B3H6.2P(CH3)3+B4H9
-  (19)

Instead, BsH 9 .P(CH3)3 was produced in this reaction which will be described

in Section 4.3.

It is noted that bis(trimethylphosphine)-methyldiborane(4)

CH3B2H3.2P(CH3)3 gave methyl derivatives of the triboron cation

CH3B3H5.2P(CH3)3
+ when treated with diborane(6) or tetraborane(1O) (two

31,37isomers of the cation were identified), and that the reaction of

B2H4 .2P(CH3)3 with boron trifluoride gave a difluoro derivative of the

triboron cation B3H4F2.2P(CH 3)3+ as the B2F7 salt. 3 1'37 Thus, the

formation of the triboron cation, or the chelation of diborane(4) moieties

through two vicinal hydrogen atoms, appears to be a general type of reaction.

4.2. Formation of Metal Complexes of B2H4 2P(CH 3)3

By extending the coordination chemistry formalism of the triboron

cation to systems which contain metals as the coordination center,

16
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38 38 39
B2H4.2P(CH3)3 complexes of ZnCl 2, CuCl(PPh3), and Ni(CO)2 were prepared

by the following reactions and were isolated at room temperature as solids.

B2H4 .2P(CH 3)3 + ZnCl 2 - ZnC2.B2H4.2P(CH 3)3  (20)

B2H4 2P(CH3)3 + CuCl(PPh 3)3 - CuCl(PPh3).B2H4.2P(CH 3)3 + 2PPh 3 (21)

B2H4.2P(CH 3)3 + Ni (CO) 4 N Ni(CO)2.B2H4*2P(CH 3)3 + 2C0 (22)

The structure of the zinc complex was confirmed by x-ray method to be similar

to that of the triboron complex cation. 38 See Figure 4. The infrared and

NMR data of these complexes suggested that the structures of the other two

metal complexes were similar to that of the zinc compound. These complexes

liberated B2H4.2P(CH3)3 readily when treated with trimethylphosphine. In the

case of the nickel complex, even a weakly basic ligand such as CO, PF3, or

PH3 displaced the borane-adduct ligand.
39  Anhydrous hydrogen chloride

reacted with these complexes and produced the trimethylphosphine adducts of

BH3 and BH2Cl, which are known to be the cleavage products of B2H4*2P(CH 3)3

by HCI.1 9 The labile nature of the zinc complex was shown in the 11B NMR

spectra of a dichloromethane solution containing the complex and excess
B2H4.2P(CH3)3 : The signals of the two compounds coalesced at room

24O

temperature. 40

Examples of the coordination of boron hydride compounds through B-H-M

three center br,,d, re aburdAnt in the literatures.4 1 The following are a

few of the representative cases: M(BH 4)n (M = variety of metals, BH4  as

bidentate or tridentate ligand); Mn3(CO)1 oH82H6 (82H6
2- as bidentate ligand);

Cr(CO)483H8 and Mn(CO) 4B3H8 (B3H8 - as bidentate ligand); Mn(CO) 3B3H8 (B3H8

as tridentate ligand). However, in these compounds the borane ligands are

anionic species. Thus, the above described B2 H 4.2P(CH3) 3 complexes

17
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demonstrate the ability of a neutral borane adduct to coordinate to metal

centers.

In contrast to the ready complex formation of B2H4.2P(CH 3)3 with

metals, both BH3.P(CH 3)3 and B3H7 .P(CH 3)3 failed to react with zinc chloride

under conditions comparable to those employed for the formation of

ZnCl2.B 2H4 .2P(CH 3)3.
40  It appears that the observed stability of

B2H4.2P(CH3)3 complexes is due both to the favorable chelate "bite" distance

between the two vicinal hydrogen atoms and to the enhanced hydridic character

of the hydrogen atoms in the electron sufficient adduct. In BH3.P(CH 3)3 the

geminal H ...H distance is probably unfavorable for chelation to the metal.

In 83H7.P(CH 3)3 the vicinal H.,.H distance would be comparable to that in

B2H4.2P(CH3)3. However, because of the lack of electron density, the

hydrogen atoms would not be sufficiently hydridic for the complex to form.

The behaviors of the BH3 and B3H7 phosphine adducts also contrast with the

known abilities of the BH4  and B3H8  anions to form bidentate chelate

complexes. The anionic charge is thought to facilitate the coordination to

metals.

Similar ligand behavior is expected of the other electron sufficient

borane adducts. At this time, characterization of the complexes of this

category is not complete. However, an aspect of this coordination chemistry

was demonstrated in the following observation. When zinc chloride was added

to a 1:1 molar mixture of B2H4.2P(CH3)3 and B3H5.3P(CH 3)3 in cold

dichloromethane, zinc chloride combined preferentially with the triborane

adduct. The zinc-triborane complex was insoluble in diethyl ether, and

therefore could be separated at low temperatures from the unchanged

18
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B2H4.2P(CH 3)3 as a solid which was unstable at room temperature. The

flexible "bite" distance and the enhanced hydridic character of hydrogen

atoms in B3H5.3P(CH 3)3 are thought to contribute to the added stability of

the complex at low temperatures.

4.3. Borane Expansion Reaction

The 82H7 salt of the triboron complex cation decomposes at room

temperature according to the following equation31

B3H6 .2P(CH 3) 3+B2H7  -+ B3H7.P(CH 3)3 + BH3.P(CH3)3 + 1/2 B2H6  (23)

Therefore, the equation for the overall reaction of B2H4 .2P(CH3)3 with

diborane(6) at room temperature is

B2H4 .2P(CH 3)3 + B2H6 - 83H7.P(CH 3)3 + BH3.P(CH 3)3  (24)

In this reaction, a two-boron species B2H6 is converted into a three-boron

species 83H7 .P(CH 3)3. The borane framework is expanded by one boron atom.

The generality of this borane expansion is demonstrated by the following

reactions:

B2H4.2P(CH3)3 + B3H 7 THF - B B4H8.P(CH 3)3 + THF + BH3.P(CH 3)3
34  (25)

B2H4*2P(CH 3)3 + B4H8 'PH3 - B5H9.P(CH 3)3 + PH3 + BH3.P(CH 3)3
2  (26)

82H4 .2P(CH3)3 + B5H9.P(CH 3)3  0 B6H10.2P(CH 3)3 + BH3 .P(CH 3) 43  (27)

B2H4.2P(CH3)3 + B5 H1 1  B6 H12.P (CH3)3 + BH3.P(CH 3)34 (28)

In effect, 82H4.2P(CH 3)3 breaks up into BH.P(CH 3)3 and BH3.P(CH 3)3, and the

BH.P(CH 3)3 portion adds to the borane substrate to form the

trimethylphosphine adduct of the expanded borane. Although the weak base

adducts of B3H7 or B4H8 undergo the expansion reaction as indicated above,

19
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trimethylamine and trimethylphosphine adducts of the same boranes do not

react with B2H4'2P(CH 3)3. Presumably, the borane substrates need to have a

certain degree of acidity, or electrophilicity, in order to undergo the

reaction with 82H4.2P(CH 3)3. Generally, as the size of the borane-cage

structure becomes larger, the acidity of the borane increases.5 Thus,

B5Hg.P(CH3) 3 is acidic enough to undergo the expansion reaction with

B2H 4.2P(CH3) 3 whereas the trimethylphosphine adducts of tri- and

tetraboranes are not acidic enough to react.

The reaction of pentaborane(11) with B2H4,2P(CH3)3 proceeded rapidly

44at -800C to give the expanded adduct 86H12*P(CH 3)3. This compound was

identified originally by J.R. Long in Shore's laboratory as the product of

trimethylphosphine addition to B6H12 4 5 At higher temperatures this adduct

undergoes two simultaneous decomposition reactions.

B5Hg9 P(CH 3)3 + 1/2 B2H6  (75%) (29)

B6H1 2 "P(CH3)3

) B5H9 + BH3.P(CH3)3  (25%) (30)

Thus, the overall reaction of pentaborane(11) with B2H4 ,2P(CH3)3 serves as an

alternative, practical method for the preparation of B5H9 P(CH 3)3. This

mono-adduct of B5H9 cannot be prepared by the direct reaction of

pentaborane(9) with trimethylphosphine.

5. POLYBORON COMPLEX CATIONS

Formation of the triboron complex cation B3H6.2P(CH3)3+ was described

in Section 4.1. The cation represented a member of a new generation of
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borane compounds, and the isolation and characterization of this new cation

completed the isoelectronic and isostructural trio, B3H6.2P(CH3)+,

B3H7.P(CH 3)3 and B3H8 . It was of interest to establish the other members of

this new family of cationic species with the general formula

BnHn+ 3.2P(CH 3)3
+, and to investigate the structural correlations with the

isoelectronic species, BnHn+4.P(CH3)3 and BnHn+5

For the same reason discussed earlier, the hydrogen atoms in the hypho

class trimethylphosphine adducts of boranes were expected to have an enhanced

hydridic character, and therefore the facile removal of a hydrogen atom as H

from these adducts was anticipated. Indeed, the trityl cation could

successfully be used to abstract a hydride ion from B4H8 .2P(CH3)3 and

B5H9.2P(CH3)3, and thus the desired 
cations were obtained.

46 '4 7

B4H8,2P(CH3)3 + C(C6H5)3'BF4
- 

- 84H7.2P(CH 3)3+BF4
- + HC(C 6H5)3  (31)

B5H9 2P(CH 3)3 + C(C6H5)3+BF4
-  ) B H '2P(CH3)3F + HC(CH)6 35833B4 + CC65s3 (2

These reactions proceeded at -80'C in dichloromethane. The BF4  salt of the

tetraboron complex cation B4H7.2P(CH3)3+ was a stable solid at room

temperature in the absence of air. The salt of the pentaboron complex cation

B5H8 .2P(CH3)3
+, however, was stable only below -300C and decomposed readily

at room temperature. These cations were very sensitive to moisture and

formed the B3H6 .2P(CH3)3  and B4H7.2P(CH3)3  cations, respectively, when

exposed to a slight amount of moisture.

Hydride removal could also be effected by B3H7.THF on B4H8 .2P(CH3)3 in

dichloromethane at -10'C as evidenced by the formation of

B4H7.2P(CH3)3 83H8 . However, above 201C an exchange reaction proceeded

slowly between the cation and the anion.
4 6
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B4H8 .2P(CH3 ) 3 + B3H7.THF - B4 H7 .2P(CH 3) B3H8 + THF (33)

B4HT,2P(CH3) B3H8 - B4Hs.P(CH 3)3 + B3HT.P(CH3)3  (34)

The pentaborane adduct B5H9 .2P(CH 3)3 would not yield H to B3H7.THF in the

temperature range where the pentaboron complex cation was stable. At higher

temperatures a complex mixture of borane compounds was produced.

The NMR spectra of the tetraboron cation indicate4 6 that its structure

is of C1 symmetry, and are consistent with the structure shown in Figure 5,

which can be derived from the structures of isoelectronic sister compounds

B4H8 .P(CH3)3 and B49 . Thus, the isoelectronic and isostructural feature

for the arachno tetraboron trio is apparent. Similarly, the structure of the

B5H8*2P(CH3)3
+ cation is of C1 symmetry, and is isostructural with

44,45 48
B5Hg.P(CH3)3  , and probably with the B5H10  anion also. See Figure 5.

It is noted that, within each of the trios, the anion is most fluxional, and

the fluxionality decreases as the negative charge is reduced by replacing H

with trimethylphosphine. Rapid and extensive migration of hydrogen atoms is

observed only in the B3H6 .2P(CH3)3
+ cation at room temperature; the

B4H7 .2P(CH3)3 and B5H8 .2P(CH3)3+ cations are non-fluxional.

The reaction of BH3.P(CH 3)3 with trityl tetrafluoroborate in

dichloromethane was of interest because it gave a product which was

tentatively assigned as the BF4  salt of B2H5.2P(CH 3)3 . The compound

decomposed above -40'C, and BF3 .P(CH 3)3 and BH3.P(CH 3)3 were produced.

Although the full characterization of the cationic species is not complete

yet, the 1H NMR spectrum of freshly prepared solutions containing the product

clearly showed the presence of the bridge hydrogen atom (at -1.88 ppm) as

well as the terminal hydrogen atoms (at 3.27 ppm). In 1970, Benjamin and
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coworkers49 treated Lewis base adducts of borane(3), BH3.L, with trityl

cation in the presence of other Lewis bases (L') to prepare monoboron complex

cations with the formula BH 2LL' + . In our reaction, excess BH3.P(CH 3)3 is

thought to be acting as the second Lewis base, the terminal hydrogen being

the base site. The terminal hydrogen coordinate to the cationic center

forming a BHB three-center bond:

BH3"P(CH3)3 + C(C6H5)3+ "BH2.P(CH3)3+" HC(C6H5)3  (35)

IBH2,P(CH)+ '' + BH3 P(CH3)3 - ) (CH3)3PH 2B-H-BH 2.P(CH3)3  (36)

The above diboron complex cation is isoelectronic and isostructural with the

B H anion which has been established50 . See Figure 5.

2 7

6. SUMMARY AND PERSPECTIVES

Contrary to the common impression of the early days, reactions of

certain boranes with exces trimethylphosphine proceeded in simple and

definable manners. By virtue of its strong donor character,

trimethylphosphine was able to completely remove the "electron deficiency"

from the boranes that were studied. The properties of some stable

trimethylphosphine adducts were exploited to establish new reactions and

compounds.

The working model used in pursuing the above study was the following:

(1) Trimethylphosphine, upon combining with borane fragments, would form B-P

bonds strong enough to prevent the dissociation of the adducts. This

dissociation often induced secondary reactions that were detrimental to the

positive identification of reactions and products. (2) In an adduct,

23
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trimelthylphosphine would donate sufficient electron density to the borane

moiety to enhance the hydridic character of borane hydrogen atoms and to make

the adduct susceptible to electrophilic species. The new cleavage reactions

with trimethylphosphine and the new trimethylphosphine adducts of boranes

stemmed from the first part of the model. The second part of the model led

to the coordination of a neutral borane adduct through the formation of B-H-M

bonds, the facile abstraction of H from the adducts to form the polyboron

complex cations, and the borane expansion reactions involving B2H4 .2P(CH3)3.

Thus, the use of trimethylphosphine was a success in unveiling several facets

of the reaction chemistry of smaller boranes.

Obviously, many details of the results need to be investigated, and

each of the newly discovered facets has to be projected further along the

line of its development to enrich that area of chemistry and to delineate the

extent of the validity of the working model. While these aspects warrant

further investigation and are being explored, studies of reactions which

involve other Lewis bases have become more interesting and promising than

they were before. Recently in this laboratory, R.E.DePoy isolated the

bis(trimethylamine) adduct of diborane(4), B2H4.2N(CH 3)3, as a stable

solid.51 This compound reacted with electrophilic reagents in much the same

way as B2H4,2P(CH 3)3 did: It formed a complex with zinc chloride, and

reacted with diborane(6) and tetraborane(lO) to give B3 H 62N(CH3) + H and
B33662N(0H3) 3+27

B3H6 3 2N(CH3)B 3H8 , respectively. This cation in the B3H8  salt, however,
+ 51

reacted with strong bases differently than the B3H62P(CH3)3 cation did.

(Compare the following reactions with equation 17).

B3H6*2N(CH 3)3+ + 2N(CH 3)3  B2H3.3N(CH 3)3+ + BH3*N(CH 3)3  (37)
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B3 H6 .2N(CH 3 ) 3
+ + 2P(CH3 ) 3  B2 H3 *2N(CH 3) 3 .P(CH 3) 3 + + BH3.P(CH 3) 3 (38)

The diboron complex cations produced in these reactions are members of yet

another new family of cations B nHn+ 3L+ (L = Lewis base). These newanother~ newfail

findings represent examples of areas of future development. The nature of

the base involved in a borane adduct suotlely influences the reactivity of

the adduct. The knowledge gained from the trimethylphosphine systems will

provide valuable insights into new findings, and will serve as a useful guide

for furthering the investigations.

Finally, the work described in this chapter represents an extension of

Professor Burg's earlier studies on the reactions of boranes with Lewis

bases. Experiments carefully executed by skilled hands and precise

descriptions of the results have always been a characteristic of his work.

Because of this, his work has been a source of valuable knowledge to the

succeeding generation. Thus, we who participated in this study have

benefited greatly from his work, and are very fortunate to have had such a

dedicated person as a pioneer in this area of chemistry. It is indeed my

pleasure to present this chapter as a token of appreciation to Professor Burg

for his accomplishments in the field of boron hydride chemistry, and I am

grateful to the members of the editorial committee of this book for giving me

this opportunity.
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Captions to the Figures DAAG29-85-K-0034

Figure 1. 11B NMR spectra of B4H8 -2P(CH3)3, 32.1 ,IHz.

Figure 2. 11 N R spectra of B4H8 -P(CH 3)3 -N(CH3)3, 32.1 MHz.

The arrow indicates the presence of BH3.N(CH 3)3 impurity.

Figure 3. Structure of B3H6 "2P(CH3)3+B3H8
-. Orthorhombic, A2122.

Figure 4. Molecular structure of B2H4"2P(CH3 )3"ZnCI2.

Figure 5. Isoelectronic and isostructural feature of arachno trios.
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POLY1D0RON COMPLEX CATIONS .

A RECENT DEVELOPMENT IN LOWER BORANE CHEMISTRY

Mit suai Kameda, Rosemarie E. DePoy
and

Goo KodwW~

Department Of Chemistry. University of Utah
Sal Lake City, Utah 84112

U.S.A

A11STR7ACT. ini the past several years, a noew class of boron hydrid compounds, POW=bi~
complex cations, was developed in tMe department Of chemistrY at the University Of Utah.
Ths cain nld 2L* B H *L+ B H1 13L~ and BnHn+1*4L+. Formation,
stnictures and reactiviles o t9 cat n "~rei W ~ iwd

1. INTRODUCTION

Several years ago, we decided to look into the reaction chemistry of the trimethylphosphine adduct of

diborane(4), B2H4-2P(0H3)3. Unlike most borane compounds, the adduct is an electron precise

compound, and additionally, two trimethylphosphine molecules are attached to it. Because of its lack of

"electron deficiency' and the coordination of the strongly electron donating trimethylphosphine ligand,

the B21-4 moiety was expected to show enhanced reactivities toward electrophilic reagents. The study

was rewarding In that It yielded the following three major findings: Ell A triboron complex cation, 83Hr6
2P(CH 3)3 , was formed by treating the diborane(4) adduct with diborane(AI) or tetraborane(IO)1 ) [2) metal

comp~lexes of the diborane(4) adduct were formed by the coordination of the diborane(4) adduct to metal

centers via two B--+M bridge bonds?)~ (31 borane cluster expansion was observed when certain borane

substrates were treated with the diborane(4) adduct.3 ) Each of these findings was significant enough to

be developed into a now area of boron hydride chemistry.

The B3H6-2P(CH3)3' cation was the first example of a polyboron complex cation. Although mono-
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boron complex (*boronium') cations with the general formula H2BL-L' (L and L=Lewis bases) have

been studied extensively,4 ) other cationic lower borane species were virtually nonexistent. The sole
representative case was the formation of B6H11 +, reported by Shore.5) While reaction chemistry of the

bis(trimethylphosphine)triboron(1+) cation was investigated and syntheses of other bis(trimethyt-
phosphine)polyboron(1+) cations were being explored, new diborane(4) adducts, B2H4-2N(CH3)3 and

B2H4 -N(CH3)3 -P(CH3)3
6 ) were synthesized. These adducts were found to produce two new triboron

complex cations, B3H6-2N(CH3)3' 6) and B3H6-N(CH3)3-P(CH3)3* 7) when treated with B2H6 or B4 1i.

The formation of these cations which contain trimethylamine provided a valuable opportunity for

investigating the effects of the coordinated ligand on the chemical behavior of triboron cations. in this

paper we wish to present an *interim" review of the development of polyboron complex cation chemistry
that followed the discovery of the B3H6-2P(CH3)3+ cation.

2. FORMATION OF POLYBORON COMPLEX CATIONS

2.1 Addition of BX2+ to 82H4 Adducts - Formnation of Trlboron Complex Cations

The reaction of B2H4*2P(CH3)3, B2H4'N(CH3)3*P(CH3)3 or B2H4'2N(CH3)3 with dlborane(6) or tetra-
borane(1O) proceeds in the manners indicated in Equations I and 2 .67) The B2H- salts are unstable at
room temperature and decompose to give the triborane(7) adducts. (See Section 4.) The B31-8 - safts are

reasonably stable at room temperature.

1321-41P(Cl ) + 3/2 B21-6 -~BN-2C) 3 +B2 H7j (1)

B2H4 ' P(CH-3)3 N(CH-3) + B 4 H10 - B.3H6P(Cl- 3)3,N(CF 3)+ B31-8 - (2)

These reactions may be regarded as an "unsymmetrical cleavage* of diborane(6) or tetraborane(1 0) by a

special bidentate ligand, B2H4*2P(CH3). Indeed, the feature of chelate coordination of B2H4-2P(CH3)3 to
the BH2

4 unit through two B-H-4B bridge bonds is seen in the structure of fhe cation (Figure 1). The
situation is similar to the oordination of diamines to BH2 +.8) See Equations 3 and 4.

*... . (CHA P-B- -

B% 8 + 11111~ 'B + %B 01(3)

NN N
B B +-+ 0(4

N N

2 

A



Reprint #8
Attached Docume
Final Report
DAAG29- S5-K-003.

Likewise. B2H4 ' 2P(CH 3)3 reacts with boron trifluoride to give an unstable fluoro derivative of the triboron

complex cation.",9 )

B2H4-2P(CH3)3 + 2BF3 -_+ B3H4F2-2P(CH3)3
4 BF4 - (5)

In this cation also, the BF2+ unit is thought to be coordinated by B2H42P(C H3) through two B-H-48B

bridge bonds.
The methyl derivative of the diborane(4) adduct, CH3B2H3'2P(CH3)3, reacts with B4 1 0 to give the

B3H.8 salt of methyl derivatives of the triboron complex cation.1 ,9) The I ,2-bis(trimethylphosphine)-

1 .methylpentahydrotriboron(l +) cation which is formed initially at low temperature undergoes rearrange-

ment above -40 OC to give 1,2.bis(trimethylphosphine)-3-methylpentahydrotriboron(l +), as illustrated in

Equatons 6 and 7.

1 1 \B/+
- B- B-1 CH3 + B2H 6(,or B4H 10) - I+BH 4 (orB3H8) (6)

(C1-~ P(C~y3  2 Bj (CV*3

*1-methyl isomer'

SCH3

(B> +BH 4 (orB 3H8 ) (7)

(CF~bP P(C' 3

'3-methyl isomer

2.2 Hydrlde Abstraction from Neutral Trimethylphosphine Adducts of Boranes

Treatments of bis(trimethylphosphine) adducts of boranes with triphenylicarbenium (trityl) tetrafluoro-

borate result in the formation of corresponding polyboron complex cations. The following reactions have

been established:

B4H8,2P(CH3)3 + C(C6H5)3+BF4 -. 4B 4H7-2P(CH3)3+BF 4 + HC(C 6 H5 )3
10) (8)

B5H9*2P(CH3 )3 + C(C6 H5)3+BF4 - B5H8,2P(CH3)3+8F4 - + HC(C 6 H5)3
1 11) (9)

B6H10,2P(CH3)3 + C(C6H5 )3 +BF 4 - B6H9,2P(CH3)3+BF 4 - +i HC(C 6H5)3 
12 ) (10)

The salts of these polyboron complex cations decompose slowly at room termperature, but are stable

enough for structural characterization by NMR spectroscopy. The structures proposed for these cations

are shown in Figure 2 and will be discussed in Section 3. Likewise, the uni(trimethylphosphine) adduct of

3
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pentaborane(9) reacts with tntyl cation, and the corresponding cation containing one phosphine ligarid is

produced (Equation 11). This reaction proceeds less readily than the reaction of B5H9 ,2P(CH3)3
BSH 9 'P(CH3)3 + C(C6H5)3+aF4 - -+ B5H8 -P(CH3)3 +BF4 - + HC(C 6H-5)3

11 ) (11)

(Equation 9), reflecting the less hydridic character of the borane hydrogens in the uni(phosphine) adduct

relative to that of the bis(phosphine) adduct. Although the reactions of the trimethylphosphine adducts

occur considerably below 0 OC, B5H9 will not react with the trityll cation even at room tenerature.1 1 )

Trityl hexafluorophosphate, C(C6H5)3+PF 6-, also abstracts hydride ions from the phosphine adducts

of boranes which are listed above. However, the PF6 _ ion reacts with these borane substrates and, in

particular, with the cationic products to produce BF3 ' P(CH 3)3 and BF4 -. Therefore, the use of C(C6H5)3+
PF6 _ is not recommended for the preparation of the polyboron complex cations.1 1 ,1 2)

Tetra hydrofu ran-t riborane(7) can also abstract a hydride ion from B4H8,2P(0H3)3 to give the B4H7 -
2P(CH 3)3+ cation at -10 -C. At higher temperatures the cation is converted into B4H8.P(CH3)3 by a ligand

exchange reaction as shown in Equation 13.11)

B4H8,2P(CH3)3 + THFB3H7 4B 4H72(CH) 3+ + B.3H8  (12)

B4H7*2p(CH3)3+ + B3H8 - B4H8 'P(C-4) 3 + B33H7 P(CH 3b)3  (13)

2.3 Hydride Abstraction Followed by Secondary Reactions

Certain polyboron complex cations are formed as the result of secondary reactions that follow after the
initial hydride removal from the neutral borane adducts. Examples are given in the following equations:

282H4 2P(CH 3)3 + C(C6H5)3+ -4 B3H4-3P(CH3)3 +4- BH3-P(CH3)3+ HC(C 6HS)3 
13) (14)

2B4H8 'P(CH3)3 + C(C6H5)3
4 

-B 8H 8 -P(CH3)3+ + B3H7'P(CH3)3 + HC(C 6H5 )3
1 3) (15)

2BH3*P(CH3)3  + C(C6H5)3
4  

- B2H5*2P(CH3)3+ + HC(C-6H5)3 
13) (16)

In the reaction shown in Equation 14, the diborane(4) adduct is thought to be converted into a reactive
intermediate cationic species " B2H3 '2P(CH3)3 + " (Equation 17). which then undergoes a cluster expan-

sion reaction with 321-4'21P(CH 3)3 (Equationil 8).

B2 H4 2P(CH3 )3 + C(C6 H5 )3 + -4" B232P(CH 3 " + HC(C6H5)3  (17)

"B2 H3'2P(CH ) 3 + + 62H4 -2P(CH3)3 -4 B31-4 3P(CH 3 )3 + + BH,1 P(CH 3)3 (18)

Similarly, the formation of BH 8 P(CH 3)3 + in Equation 15 is thought to have proceeded through the for-

mation of a reactive intermediate - B4H7 P(CH 3)3+ (Equation 19).

B4H8 'P(CH3 )3 + C(C6 H_5)3 + --+" 84 H7 P(CH 3 )3
4 " + HC(C 6H5)-. (19)

B4 H7'P(CH3 )3
4 + 8 4HS'P(CH 3 )3 -* B5 H8-P(CH3 )3 + + B3H7 P(CH 3)3  (20)

It is worth noting that, in Equation 20, B4H8 P(CH 3)3 is acting as a borane cluster expansion reagent by

converting itself into B3 1-7 P(CH 3)3 and thus providing a *BH' unit to the substrate, B4 H8*P(CH3)3 , for

4
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framework expansion. This is similar to the behavior of B2H4.2P(CH3)3 which adds a "BH P(CH 3)3' unit to

borane substrates by converting itself into BH 3 P(CH 3)3. [See, for example, Equation 18.1 This mode of

cluster expansion, which is accompanied by the elimination of a stable Lewis base addluct, deserves
further investigation, as it appears to be one of the fundamental reactions of boron hydride chemistry.

The reaction in Equation 16 is also thought to involve a reactive intermediate 'BH 2 'P(CH3)3+", and is

thus an extension of the reactions reported by Benjamin, Calvalho, Stat iej and Takacs for the preparation

of boronium cations, BH2*L-L': 14 )

8H3-L + C(C61l) 3+ -4 "BH2L1 + HQCISI )3  (21)

IB2L-+ L' --4 BH2 L L (22)

Thus, the overall reaxiion ts

8H3 'L + L' + C(C6Hg)3+ -4 BH2 L-L' + l.C{C6l) 3. (23)

In the reaction of BH3 'P(CH3)3 with the tntyl cation in the presence of excess BH3 'P(CH3)3, the second

molecule of BH3*P(CH3)3 plays the role of L by coordinating to "BH2-P(CH3)3 +" through the formiation of

a B-H-* B bridge bond.

(CH3)3P'HiBH + 1BH 2 'P(CH 3 '- (CH3)3PHi2Bl4-46H2P(C'H 33  (24)

The characterization of this very unstable diborion complex cation, B2H5-2P(CH3)3+. has yet to be com-

pleted. However, I IB, 'H and 31 PNMR spectra of the reaction mixtures suggest that the product of

reaction is the diboron cation, (CH3)3P-H2B-H-BH 2 -P(CH3)3 , with a structure analogous to that of the
isoelectronic species, 82 H-.

2.4 Cleavage of Polyboron Complex Cations with Lewis Bases
Like neutral and anionic boron hydride compounds, the polyboron complex cations, it electron

deficient, undergo cleavage or addition reactions with Lewis bases. Thus, the tetraboron cation 84H7 .
2P(CH 3)3

4 is cleaved (a *symmetrical" cleavage) by trimethylphosphine according to the following equa-
tion: 131

B4 H7 2P(CH 3)3 + +. 2 P(CH 3)3 -4 3-11(H + H 33
BHPC 3)3 + B 3.P(CH3) (25)

Similarly, when the B3H8 _ safts of the amine-containing cations, B3H6 ,2N(CH3)3 + and 83H6 -N(CH3)3 .
P(CH 3)3+, are treated with N(CH 3)3 or P(CH 3)3, the cations are cleaved and the diboron complex cations
are formed with the general formnula B2 H3'(3-X)N(CH 3 )3 -xP(CH3)3 *,6'7)

Ie.g. B31-6 2N(CH3 )3 +EB3HS8 + 2 N(CH 3)3 -+B 2 1-3 3N(CH 3 )3 +B3 H8- + 8H 3 -N(CH3)3  (26)

9 3H6 'N(CH3)3 -P(CH3)3+B3H8 - + 2P(CH 3)3 -

8A AC'G)3*2P(C%3 + BH 11 P(C-t 3 7 (27)

5
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In contrast, the treatment of B3H6 ,2P(CH3)3 +B3HB8 with P(CH 3)3 or N(CH 3)3, does riot give the expected

diboron cation B2H3'3P(CH3)3+ or B2H32P(CH 3)3 -N(CH3)3+.'5 ) See Section 4.

2.5 Lewis Base Addition to Polyboron Complex Cations

Although this is another general type of reaction, so far only one example can be cited.

B3H4-3P(CH3)3 + + P(CH3)3 --+ B3H4-4P(CH3)3+ (28)

The product cation is an electron precise, hypho class species and is stable toward trimethylphosphine. 13 )

3. STRUCTURES OF POLYBORON COMPLEX CATIONS

3. 8 n Hn, 3 ,2P(CH3)3 +

An x-ray diffraction analysis has been performed on a single crystal of B3H6-2P(CH 3)3+B3H8 - at -90
OCl'6) The structure is shown in Figure 1. The geometries of the two isoelectronic triboron species,

Unit cell packing of B3H6'2P(CH3)3 +B3 HTh
Orthorhonbic:

a .14.063(4) A
b =14.191(3) A
c= 8.784(2) A.

H(J)

9B(2 13

C(2)

-b

Bond lengths (A) for B3H6-2P(CH3 )3 + and BH-

8(1 (-8(2) 1.805(6) B(3)-B(4) 1.769(7)
\/ B(2)-B(2') 1.805(6) B(4)-8(4') 1.773(g)

- ~~N. 8(1)-H(1) 1.10(4) ,.-()H4 .44

H7\ j B (1)-(3) 1.40(3) S5A 8(3)-H(SA) 1.35(9)
-P_ 8(2)-H(3) 1.13(3) si__ ___ -HSA 1.35(11)

8(2)44(2 1.1(3 6 j B(4)-H(6) 1.18(5)
8(2)-P 1.906(4) B (4)-H(7) 1.00(4)

B(4)-H-(58) 1.40(8)
Figure 1. Structure of B3H6 2P(CH 3 )3'B 3H,8 .

6
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B3 H6 2P(CH 3)3
+ and B3Ha-, are similar to each other. Slightly longer B-B distanczes for the cation are

noted. The cation is fluxional with respect to the migration of all borane hydrogen atoms around the three-

boron framework: The room temperature 1H NMR spectrum shows only one signal for the borane
hydrogen atoms. At -80 "C, however, the signal is split into three signals of equal intensity, which is

expected for the static structure shown in the figure. 1) The cation is less fluxional than B3H7P(CH 3)3
which is less fluxional than the B3H8 - anion: the 1H NMR signals for the static structure of B3H7 P(CH 3)3
can only be observed when the sample is cooled to -95 °C, 17) and at this lemperature the 1H spectrum of

the B3H8- anion indicates that the hydrogen atoms are rapidly migr. irig.

The structures proposed for the BnHn+3 2P(CH 3)3
+ homologs are summarized in Figure 2. Shown

also in the figure are the reported structures of related isoelectonic, neutral and anionic species. 12,18 -20)

Clearly, each of the cations is isostructural with its isoelectronic counterparts. In the NMR spectra of the
tetra-, penta- and hexaboron cations, no indication of rapid fluxional behavior is observed up to room

temperature, whereas every one of the corresponding isoelectronic species is known to exhibit fluxional

behavior.

CATIONIC MOLECULAR ANIONIC
I P, ) ,k#

"B" 4'

B \..L 5.."B"'

'\ • "\ '

// \B B)

Figure 2. Structures of the BnHn+32P(CH 3 )3
+ cations and related isoelectonic,

neutral and anionic species. The shaded circles represent P(CH 3)3 ,

7
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3.2 Bnin 3 "P(CH3)3
+

The 11B NMR spectra of B5H8 P(CH 3)3
+ (Figure 3), and the 1H{11Bj spectrum of the cation, which

contains two borane hydrogen signals (terminal and bridging) in a 1:1 intensity ratio, immediately suggest
that the structure of the cation is as illustrated in Figure 3.11) Thus, it is isostructural with pentaborane(9)
which is isoelectronic with the cation. The B-P coupling constants of the apex boron atom in the square
pyramid structures are unusually large. The values of 220 and 212 Hz are observed for BH 8 - P(CH 3)3+ 11)

and B6H9 2P(CH 3)3
+, 1 2) respectively.

PICKA +

-10 -20 -30 -40 -50 PPM

Figure 3. 11B NMR spectra and proposed structure of B5H8 P(CH 3)3+.
Upper spectrum, 1H-spin coupled; lower spectrum, 1H-spin decoupled.

3.3 BnHn+1"3L+

Four of the six possible B2H3 (3-x)N(CH3)3 .xP(CH3)3
+ cations where x=0,1 and 2 have been pre-

pared and the structures studied by NMR spectroscopy.6 ,7) See Figure 4. These cations are electron
precise, and are isoelectronic with B2H4-2P(CH 3)3 and 62H4 .2N(CH3)3.

The B3H4-3P(CH3)3
+ cation has the structure shown in Figure 5, which is consistent with its low

temperature (-100 -C) 1183 1H and 31P NMR spectra.13) At room temperature, however, the cation is
fluxional with respect to the rapid migration of all four borane hydrogen atoms around the borane frame-
work: The signals of borane h',drogen atoms are coalesced to a single signal, as are the 11B and 31p
signals. To illustrate the fluxional behavior of this cation, a process involving an intermediate, which
contains a coordinated double bond, is proposed. See Scheme 1. Such a coordinated double bond

8
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representatin has been used to describe the valence bond structure of B4C2H8-.21)

N(CH 3)3  N(CH 3)3 +
I 1 ~ 1, 1,2-Tris~trmethylamine)-

H - M - B - H trihydrodiboron(l+) cation
I IN(0cH 3)3  H

N(CH 3)3  N(CH 3)3 + -i~rmtyaie-
1 1 1 ,2bstrmhymne--

H - b - b - H trimethylphosphinetrihydro-
I I diboron(1+) cationP(CH 3) 3  H (two optical isomers possible)

N(CH 3)3  P(CH 3)3  + 11 bsti eh l m n) 2
I I 11bstiehlmn)2

H - U - b - H trimethylphosphinetrihydro-
I I diboron(l +) cation
N(CH 3)3  H

P(CH 3)3  P(CH 3)3 + I-rmtyaie12
H I bis(trirnethylphosphine) -B --$ H trihydrodiboron(l+) cationI I

N(CH 3)3  H (two optical isomers possible)

Figure 4. Diboron complex cations, B2H3-(3-x)N(CH3)3.xP(CH3)3
4, where x-0, Iland 2.

H P(CH 3)3H P(cH 3)3

H- / a - (H33--/

.--- H -1 H /- I N',

(CH3)p3 ' ' "H P(cK 3) 3 P(CH 3)

Figure5. Structure proposed Figure 6. Structure proposed

for 8P 3 CH 3' for 13,11 4P(CK 3)3+

9
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Scheme 1

+8 -BB -'

OR

3.4 BnHn+1"4L
+

The NMR data (11B, 1 and 3 1 p) for the B3H44P(CH 3)3
+ cation 13) are consistent with the structure

shown in Figure 6. which can be derived from the structure of B3H4 3P(CH 3)3
+ (Figure 5) by adding

P(CH 3)3 to one of the hydrogen bridged boron atoms, thus cleaving the bridge bond. The cation is iso-

electronic with B3 Hs5 3P(CH 3)3 22)

3.5 Isolectronlc-Isostructural Feature

Each of the polyboron complex cations has been found to be isostructural with the isoelectronic

neutral and anionic species (when those species are known). As illustrated in (i) and (ii) of Scheme 2, the

structures of the tetra- and pentaboron cations are closely related to those of the respective parent

compounds from which the cations are prepared. For example, the arachno B4H7T2P(CH3)3
+ cation is

obtained by abstracting a Lewis base, W-, from the hypho B4Hs2P(CH 3)3 adduct. Conversely, the

hypho adduct can be prepared by the addition of a Lewis base, P(CH 3)3 to the arachno adduct, B4H8"
P(CH 3)3 , The same relation also holds for the hexaboron species. However, the structural change that

occurs at each step of the hexaborane transformation is seemingly drastic. It had been known, when the

synthesis study of the B6H9 '2P(CH3)3
+ cation was initiated, that two different boron framework

structures could be assumed by arachno hexaborane compounds. One was the belt-shaped structure of

hexaborane(12) 23 ) which was essentially the same as that of the hypho adduct B6 H1o2P(CH3)3
24 ) as

illustrated in Figure 7(a), and the other was the basal-bridged square pyramid structure which is assumed
by 16H10 P(CH3)319) and B6H11 20) Therefore, it was of interest to see how the belt-shaped structure of

the hypho adduct would transform upon conversion into the arachno hexaboron cation.

The mechanism of the hexaborane structura! transformation is unknown. Formation of a bond

between B(2) and B(5) of the structure in Figure 7(a) followed by a succession of dsd rearrangements 25 )

could result in the observed structure in Figure 7(b). As the skeletal electron-counting rule 26 ) dictates,

both of the two known structures of arachno hexaborane compounds are derfved from the eight- vertex

closo deltahedron (bisdisphenoid) by the removal of two vertices.

An obvious difference between the two sets of compounds is in the total number of ligands (including

hydrogen atoms as well as bases) attached to the boron framework; eleven versus twelve. The less

10



Reprint #8
Attached Docume
Final Report
DAAG29-85-K-003.

opened structure is assumed by the eleven-ligand compound. Further studies are necessary, however,

to elucidate the factors that determine the choice of structure.

Scheme 2 wa~ ctvo
Arachno Hypho

,a ,P(C3 H' A•B

%1/<, /, .... -

BC B Bx /0 ' B B

B/i\

(a) (b)

Figure 7. Boron framework structures for (a) B6Hlo2P(CH3)3 and (b) B6Hg2P(CH3)3+ "

4. REACTIVITIES OF POLYBORON COMPLEX CATIONS

4.1 General Pattern of Reactions with Lewis Bases
The polyboron complex cations, when not electron precise, are reactive toward Lewis bases. At this

stage of research, it can only be stated that trimethylphosphine either aods to the cation to form the next

higher class cation (e.g. arachno -) hypho), or it cleaves the cation into BH3 'P(CH 3)3 and a polyboron
cation of the same class. Thus, the arachno B4H7 2P(CH 3)3* cation (as BF4 - salt) reacts with trimethyl-

11
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phosphine, and is cleaved into BH3'P(CH 3)3 and arachno B3H4-3P(CH3)3+;1 l the arachno B31-4 '
3P(CH 3)3+ cation further reacts with trimethylphosphine and the hypho B3H4'4P(CH3)3+ cation is
formed.' 3) Likewise, arachno B3H6-2N(CH3)3+ reacts with P(CH 3)3 to produce BH3 P(CH 3)3 and arachno
82H3 '2N(CH3)3 ' P(CH 3)3+.7) The electron precise cation B3 14-4P3(CH-3)3+ is inert to P(CH3)3. Similarly,
B2H3 -3N(CH3)3+ is inert to N(CH 3)3, but this cation undergoes a ligand displacement reaction with P(CH 3).,
to give B2H3'2N(CH3)3*P(CH3)3 +-.7) The other larger cations react with P(CH 3)3 or N(CH 3)3, forming
addition comp~ounds and then further readting with the base to produce the BH3 adducts of the base and
other borane compounds. rhe formation of the BIH3 adducts suggests that the original cations have
undergone cleavage reactions to form new polyboron cations. Characterization of these products is not
complete at this time.

4.2 Reactions of B3HS-2P(CH 3 )3+, B3H6,N(CH 3)3 .P(CH3)3 + and 83H6 -2N(CH3 )3 + with
P(CHA) or N(CHA)

The reactions of B3H6*2P(CH3)3
4 with trimethylphosphine or trimethylamine are given in Equations

29-32 below.1 .5) Obviously, these readtions are dependent upon the hydroborate counter anionts.

B3H6*2P(CH3)3+B2H - + 3 P(CH 3)3 -4 B2H4 -2P(CH) .43 BHP(H) (29)

B3H6'2P(CH-) 3+B2H- +.3 N(CH 3)3 -4 82H-2P(CH3)3 + 3 BH3 -N(CH3)3  (30)

B3H6*2P(CH3)3+83H8 - + 2 P(CH 3)3 -4 B4H8-2P(CH3)3 + 2 BH3'P(CH3)3  (31)

B3H6'2P(CH3)3+B3HS6 + 2 N(CH 3)3 -+

B4"8C-b) 3 *'C-V3 3 + H3  N~CH 3 + BtK3 P(CI-9 3  (32)

When B31-8 - is the counter anion, the product is a tetraborane(8) adduct. On the other hand, as
described earlier in Equations 26 and 27, B3H6-2N(CH3)3+ and B3H6 'N(CH3)3 . P(CH 3)34 react with
P(CH 3)3 or N(CH 3)3 to give the diboron omplex cations, 1321-3 ' 2L-L' (L, LU. P(CH 3)3 or N(CH 3)3) and the
base adduct of BH3.6.7) The anion is unaffected. In the products of these cleavage reactions, the
attacking Lewis bases, LA, are always attached to the 131-3 fragment and, in the diboron cation, to the
boron atoms to which trimethylamine is already attached.

H LA
H / H LA I ' I

H H Or_ BH jL A+ -B8- B- (33)
B- 13-LA 3 A

I I L N(CH 3) 3
L N(CH 3) 3

On the basis of these observations the following statement may be made. The key to the cleavage of
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the triboron cation is provided by the enhanced electrophilicity of the amine attached boron atom. Tri-

methylphosphine does not induce such an electrophilic character in the boron atom to which it is bonded,

and therefore the base attack on that boron is ineffective. A speculative mechanism for the formation of

tetraborane(8) adducts from B3H6 2P(CH 3)3+83 H8
- was reported elsewhere. 15) The mechanism in-

cludes the formation of an intermediate involving both B3H6 2P(CH 3 )3
+ and B3H8, which undergoes a

rapid reaction with the attacking base.

4.3 Thermal Decomposition of 8 2 H7 - Salts of Trlboron Complex Cations

The B2HT- salts of the triboron cations decompose at room temperature according to the following

equations:
1 ,6,7)

B3 H6 .2P(CH3 )3 +B2H7-  -- B3H7'P(CH3 )3+ BH3 P(CH3)3+ 1/2 B2H6  (34)

B3H6 .2N(CH3)3+B2H7-  -+ B3 H7.N(CH 3)3+ BH3 .N(CH 3)3 + 1/2 B2H6  (35)

B3H6 .N(CH 3)3-P(CH 3 )3 +B2H7 .- 83H7'P(CH3 )3+ BH3-N(CH 3)3 + 1/2 B2H6 . (36)

Thus, the overall reactions of the diborane(4) adducts with diborane(6) at room temperature is the

conversion of B2H6 into the B3 H7 adduct. This borane framework expansion is a general type of reaction.

For example, by reaction with B2 H4 .2P(CH3 )3, B3 H7 'THF and B4 H8 "PH3 are converted into

B4 Hs-P(CH 3)3
1 5) and B5 H9 P(CH 3 )3

,27 ) respectively. Earlier in this paper, the formation of products

observed in some reactions was explained in terms of this type of reaction (Equations 18 and 20).

5. SUMMARY

Formation of a polyboron complex cation occurred when a cationic species was added to a neutral

borane compound, or when an anionic species was abstracted from a neutral borane compound. Enrich-

ment of electron density on the borane moiety of the neutral borane compound should facilitate both the

addition of cationic species and the abstraction of anionic species. Thus, B2H4 2P(CH 3)3 combined with

BH2+ to give the B3 H6"2P(CH3)3
+ cation, and the P(CH 3)3 adducts of the B4H8, B5 H9 and B6H10 frag-

ments were converted into the corresponding potyboron complex cations by hydride abstraction. Sub-

sequently, the B2H4 adducts which contain the N(CH 3 )3 ligand were also found to combine with BH2
+ to

give B3 H6.N(CH 3 )3 .P(CH 3)3
+ and B3H6 2N(CH 3 )3

+. These amine containing cations displayed reac-

tivities which were different from those of B3H6 "2P(CH3)3
+. Further studies of polyboron omplex cations

involving characteristically different Lewis bases should enrich the reaction chemistry of boron hydiides.

Thus far, the isoelectronic-isostructural feature is prevalent among the polyboron complex cations.

Also, the reaction patterns of these cationic species appear to parallel tLose established for the neutral

borane compcunds. These apparent similarities may be developed into a working model which should

prove beneficial to future exploratory work in this new area of boron hydride chemistry.

13
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Contribution from the Department of Chemistry, the values of B,,H4-2N(CH-3)3 and B,H 4*2P(CHj, in Table [a
University of Utah, Salt Lake City, Utah 84112 The 31PI'HI NMR spectrum of the compound is a broad. partiall,

collapsed 1:1:1:1 quartet centered. at 3.6 ppm with a JB %afuc
Formation and Reaction Chemistry of of ca. 50 Hz. The apparent absence of a doublet feature B1- P
Trimethvlamine-Trimethvlphosphine-Diborane(4) coupling) on the Bp resonance signal (Figure I1) is attributable

Rosemarie F. DePo\ and Goji Kodama*

Receved eptmber15. 98'Table!1. 1B NMR Shilt Datia (ppm)

a. B.H-14L-4

We reported in an earlier communication' to this journal that B-N B-P
t ri methy lamri ne-t ri met hylphosphine-d ibora ne(4). BfH4 *N(C- B,H,*2PICHi1, - 1
H,*,P(CH,),. was formed by a ligand displacement reaction of B.I-N(CH,),*P(CH,1, -2.7 -36.4
bis(trimcthN laminc)-diborane(4), B.H 4*2NI(CH3, with tri- BH-4 2N1CH,1 -15
methylphosphine (see eq 1). The product was the first repre- b. BHgL.L

BH,-2N1CH,), + P(CH,)3 B-\ B-P Bli,
B2H,*N( CH1.P(CH,), + N Clf,), (1) B,H,.2PiCH,)* -39.0 *.10

sentative of a previousls unkno%%n mixed-ligand adduct of di- BH.N(CHiP(CHji -12.4 -41.3 -10.2

borane(4). Displacement of the second trimethylamine proceeded B-~2Co l55-
v.ers sloss IN.' ' References 14 and I. ,'Reference I. Refercncc

The miixed-ligand adduct. B.H-N(CH 3 ),-P(CH,,).. can now
be prepared in pure form by the reaction of BJH-.P(CH, with
trimethvamine. Furthermore, this finding has provided a ness to this small J5 p value and to the broArnes, of' th_ signai The
insight into the reaction mechanism of base cleavage of tri- 11-1''131 NMR spectrum shosss a singlet at 2.2ppn ;intcn,!!t
boranei7) adducts. In this paper. we describe the characterization 9. amine CH3 protons), a quintetlikc signal at I., ppmn )ntcflsit\
and reaction chemistrs of the mixed adduct of diborane(4). 2. protons on BN). a sharp doublet at 1. 14 ppm J = 9.0 Hi.

Results intensity 9. phosphine CH, protons). and a doublet of- tnples
A. leaageof (CH)1 nd (C,) Aduct ofB,,-. a) 0.03 ppm t'2 jap= 21 H7. VjBI = 5.0 Hz. internsit\% 2. -,-or,

Ra.ceaa of -P(CH), andh N(CH,). Fddmcto of B,.a on B5p). The quintetlike signal of the protons attachedJ t B, i
Reatio o B3-.(CH)~wit N(H~. Frmtio o B2 4 . thought to be due to spin-spin couplings to both tne B5 PO'01

N((H-13 -P(CHO,~ The reaction of BIH,-P(CH 3)3 with 2 molar and the phosphorus. On the basis of th!' au~nnvu
equiv of N(CFH1h in dichloromethane at room temperature pro- 9.7 Hz is est'mnated for 3J1.i81..
ceeds according to eq 2. The mixed-ligand adduct of BH 4 can (b) Reactions of BH..N(CH,), and B,H-.P(CH) zwith P((

B,H--P(CH,), + 2N(CH,), -~ H3),. The trimethylamine adduct of BIH. slo~kls rcats
BH 4*N(CH,1,*P1CH,), + BH,.NCH, (21 P(CHO, 'lt room temperature ii dichloroniethanc. The m '

products are BH,.\*(CH,), and B,,H,.2P(CH I,. ind BlII.<(
be separated from BHvN(CH 3), as a colorless solid by fractional 1-13), and B,H,-N(CH3)o.P(CH4l1) are detected in inuteci,
sublimation at room temperature. The compound is stable in the tities. Thus, the appropriate equation for the reaction i
absence of air. It slowly decomposes in solution at room tem- B -IH,+2)H~-
perature. H-\Cl)+ P H; -

NMR Spectra ofB,H,.N(C-IsvP(CH,)s. The 't BJ'HI NMR B2H,.2PCH1j + HH-\,CHt)
spectrum of B,H,.N(CH 3 P(CH0)1 in Figure I shows a broad The reactior f B31-PtCH5), sstth PtCHJ; proceeds ~,~
signal at -2.7 ppm due to the amine-attached boron atom (13%)
and another at -36.4 ppm due to the phosphine-attached boron B,,H--P(CH3 ,)j + 2P(CH.,,
atom (BP). The 'H-spin-coupled tB signals are broader but do BH,42P(CHo1; + BIIVPiC li
not have any fine structure. These shift values are compared with B.RatosoBH 4 N H)P( ).()WhH'doe

(CH3)3P / B Chloride. The mixed-base adduct. Bf,*N(CH;);PCH,)z. react,
B with anhvdrous HCI at -80 'C in a CH& lk solutionl according

\2 N(CH 3) toe '.Apparently, an alternative mode of cleas age is unft
H H 33t q5

B.H 4, (CJ-J,,P(CH,), + HCI

BH,0 N(Cllj1 + BlIL(l.PtCf4.

vorabl e: BHvP(CH,), and BHJ:Cl.\(CH J., ire produced in Itiec
quantities.

(b) With Tetra borane( 10). Treatment of B.-Hl.NClil
P(CfI )1 with R4 ~results in the formatton of a n.otriboron

........................ complex cation. (trimethylammine)ltimethvlphos;phine hc\xi
hydrotriboron(lf 1+[BH,.N(Cf-,h.-P(Cll),fI (see eq t V(I P

Figure I. ''BI'HI NMR 19 M Ili) spectruin of ~LNC 3 ,PC reaction is analogous to that of B.JH4'2ptCfl 1) (eq ") or 11.-
11,1, at +2(0 '( in (tIcl. H-4'2%(CI10 \k ith 134 140+

(1) lDPoy. R F . Kodarnai. G, Inorg ( htem 1985. 24, . I 971 Kidiana. G , Kameda, \4 In~'g ( heri 1979 '5 10

00121 1669 55 1327-Ill1 fA0l.50, 0 c 1(98 Ainericin C hemical Societs



Notes l"'rvatrw ( heotri . 1 4 2"' V, /V 05 1117

BsH 5.N(CH,),)gPCHCH + B4H. H6

cC., e g. B2H 4*2P(CHc), + BHl,5  BsH,2P(C) 3 BH

NMR Spectra of BH,.N(CH,) 3.P(CH5 3)3 "B.1Hx-. Figure 2 *ZH13I3 P _-B2 G

shows a ''BI'HI NMR spectrum of the salt, B3H6*N(CH,),*P- H
(CH 3)3+B ' Hs-. The signal at -30 ppm is readily assignable to
the 1 H, anion.' Shown also in Figure 2 is the proposed structure
of the BH,-N(CH,),-P(CH 5) + cation, which is similar to those
of the B51H-Y2N(CH 3 W, and 0 3H6 2P(CH 3

3 5" cations. N
comparison of the NNMR dati of these three cations permits an
unambiguous assignment of the spectrum (see Table lb). Thus., a

the signals at - 10,2. -1 2.4, and -41.3 ppmn (J~p = 116 H7) are Figure 2. 'il M4 \\4R is~t T,,:,!~p-crt.i ,f R).r( 11 -
assigned to the B(3), B( I1). and B(2)atoms. respectively, of the fI C~H i*BM .o 12 in (t).I-
new triboron cation. The 31p[lI[ NMIR spectrum of BIHN-
(CH,),*P(CH,),,BH,, shows a well-defined 1:1:i:1 quartet Scheme I
centered at -3.3 ppmn %%ith a I''B-31 P spin-coupling constant of
11) Hiz. The variable-temperature 'H['11BI NMR spectra of L
BHgN(CH3),P(CH,)'Bs- reveals that the cation is fluxional B
with respect to migration of the borane hyd rogen atoms aon
the three-boron framework of the cation. At -10 *C the borane
proton signal appears as a singlet at 1.40 ppm. At -80 'C, L

however, this signal disappears and a singlet signal appears at 2+1? ' I
ppm. Other signals of borane protons, which at expected to
appear at higher field, could not be identified unequivocall\.
probably due to the overlap with the phosphine methyl proton
signal at 1 .39 ppm OiiJ0 = 12 Hz) and the BrH, proton signal
at 0.02 ppm. Shoul,4-rs were discernible on both sides of the 0.02
ppm signal. The signal of the amine methyl protons~ appears atc ~
2.66 ppm. B

(c) With Diborane(6). As is the case in the reactions of di-
borane(6) with B.H,*2P'CH.b), and B.H 4 2N(CH) 0 the I2 /
treatment of B. 4 N(CH,), with BH 6 a -65 'C produces a r-
B-H-- salt of the BHgN(CHI-lj.P(CH,), cation: L /La..
BH-NCH,),.P(CHJ), + 1 !.'B,Hb -a / /

BoH6.N(CHl1.P(CH,)I'B.H- (8) a

Lo Le Prodctsi -e~rde
The product undergoes~ a slow~ decomposition at -45 'C according C~. H~ P H il
to eq 9. The decomposition is fast above 0 'C and is quantitative. N~~. 'H, SHN,-,1 -P O>'

B-*(CH 3 )3*PiCH,43 'B,H, --. PCI, NCI-'3. B-1 , '. BZ, 2N o

BIH-P(CH,), + BH,*N(CH0 )3 + : BIH, (9)

Nn alternative mode of decomposition that v.ould producc B.,- explains the obseved formation of thc RAE, adduct, co,ftinif
l]-NiCHO and BH ,.P CH,), does not occur. - P(CH,); or NkC T H); It is noted th,,it. xchcnecre c0 , Ix C ill

in the reaction, RH.N (Cl ); is produced. indiciting that Cil-
Discussion cniaticon 6f RI l-N (CHII), fr m the inierncdiaitc !, frv ~ored ox Cr

When the B-B bond of B.H -N(CH, 35 P(CH,), is cleaved as BH-P CH,), eination
a , esult of the reaction with an electrophilic reagent (eq 5 or eq In the ear;\ days, the reaction (if a zriboranc7i' ddcofi -
8 and 9). BHO,-N(CHiY 's produced, and the stronger base. P- strong base [e~g.. B1 H-.N(CIIIA,[ suith a strong ba,e Ii. g , \.
(CH 3)5 , is attached to the stronger acids. BHCI or BIH,. Other (CH.,),] was thought to) gie I conPIlX ttiXture ot hora inc :or)-
than this unique feature of the mixed-ligand adduct. the reactions pounds containing polymeric species.' The ncxkx ,bxerxcd
of BH 4 'NfCH,),.P(CH 3 with electrophilic reagents parallel formation of' tho. BRH, l aducts of slongix '.c P1 (IlI !ndO
those of B:H4 .2N(CHA), t and B.H 4.2P(CH1)3

5 Reaction chern- N(C H)1 corrects titix carhier misconception.
istry of the new mixed-ligand triboron complex cation, BFE.N - Experimental Section
(CN1)-P(CHj1. will be describcd 'n a separate paper.' General F'iocedures. (oncr'r~ir.t,: nid 3"i~**~ii,:.'~

Ritter and co-workers' and Parry and Paine' proposed tiiroughowc t ransfer it .cr'et Orexli "i'~ pcirloried 'i
mechanism for the triborane cleavage reactions. The most ini glcrxebag lilled oKoth LI-x gio~i 1C.. ii..uc. i 1i It_ 11,))
portant facet of this mechanism is the formation of an interme- Pi (111, NI110,. Aind dlchloroieth per crc dex!chd -- u
diate. B3H..L,,-.l. where L,~ and La represent che Lewis base in Some aiple, of 11,l1 , xxerc prepired from I(14~ .(~
the reacting BH-3 adduct and the attacking Lewis base. respec- treitment oxith BF, The \NMR xpicvtr~i kCerC ONbio. or'
tively As illus'rated in Scheme 1, this mnechanisnm adcquatcl\ XL.-10 specitroineter. the observe trequer'_e- being, Qi :. I' ip,

299.9 '0111 for 1B. P. acnd H4. rexpetcic ( hemikai hwI: 1.-c x-
pressed in Tpmn St.indacrd-, for the h(~ti circ M) it W4) .?n. -<

(3) Kameda. Kodama, G J Am. Chrem. So, 19"0 102. 3647
4) Eaton. G, R.: Lcpscomb. W N1NM Studies cf Boron Hi drideo and -____ __ - ~ - . -

Related (ompounds: Benjamin: New York. 4969 (91 1 dcxrds, 1 .1. lcccgh. 55 a Frd, MI ) P,1". ,ne, Pt rr
(5) Shcmcsi. A.: Karned-, loI Kordamna. G Absiracts. Annual Meeting of ( hemI 1947 16. 4

t he Chemnical Society of Japan, April I 985. Paper No I I 15 1111 1-e lir cri ple K Iimecl 'ci )cslrrrI , 
0

tin'IA 195-I.
(6) DePo . R F . Kodiamra. Gi Incrg Chem.. in press
) Deever, W. R . Loce5. F R. Ritier, D. 5. Inorg. Chrem 1969.s.. 1261 (11 \1h NhI B rih)4 11hin'-. f J . S .Si 1~,- ( h-

iXi Paine. R I . Parr\x. R 'A Icaolrg Chrem 1975, 14. h101 1492. 2
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HP0, for boron and phosphorus. respectisclx. Proton shifts are given the reaction had gone to comipletion The solution sa, then cxs~Ied 1', lit
with respect to the resonance signal of proton impuritN in CDCI.. which 'C. and the ,olscnt and unchanged RJ,., ucrc retntisd b% puimpin
was taken as 5.28 ppm. Shifts to lower fields are assigned positive values Th,_ resulting white solid residue. ,ln\( 3 PI1)R.iA
Generallk. reactions %ere run in 1)- 10 mm o.d. Pvrex tubes or in 10 mm redissolved in CD.C, for the NMR soisJ.
o.d. resealable N\IR sample tubes (products of.). Young, Ltd.) and "ere Reaction of Bji,-N(CH1,),-P(CH1)3 with BH.. A 01 8I1 -mmol sample
monitored on the NMR instrument b ' observing ''B spectra. of B:H, was condensed into a reaction tube containing 0(.52 nitiol of

Reaction of B,H..P(CH,), with N(CH,),. A l.0-mmol sample of B,H,.NlCH0,.PlCH,l, and approximatek I ml oif ( II,(l. The
NICH0, w&as condensed into a reaction tube containing 0.50 tnmol of reactants \Aere ntised Aell it -90 'C. and then the tube isas alloised t"
BH7.P(CH,), (prepared from BF,, and PlCH,),'-l and approximatelN warnm slow Is. A t 6' O( tic formation of BjH,-Ni(CH j; P-
I mt. of CHCI,. The reactants were mixed well at -90 *C and then (CHWBH, was observed At -45 'C the reaction was faster. and the
allowed to warm slow)', When the temperature reached about 211 O( . formation oif BH,.N)CHl and BH-.PCIj, -1 h 6and 45 0 ppi
the reactants had been completel\ converted to a mixture of B~.4 .NC- was observed. WAhen the temperature reached 2s 'C onis the signals
H3,-~P(CHl 5 and BH,-NlCH,), (-8.3 ppm).'3 

The solvent and the Bib of BHN(CHji,. B3H -PtCH,)., and B:H, were present
adduct were pumped out at -45 and 0 OC. respectivel *N and the remaining
solid residue w as sublimed under high v'acuum at room temperature onto Acknowledgment. We grateful]\ acknow ledge the support (it
a 0) O( cold finger this work b% the L.S. Armv Research Office through Grant

Samples of R.Hc\ICHt.PICHJ, for reaction studies were prepared DA (i2- -K03.FncalupotoR.D frmtc
bs illowing the initial mintunre of reacta nts to stand at roiom temperatunrc Nional-Science Fou natinca sup ot' trdut R Fellfont sh
fur l min nd then b\ remos ing the solsent and the BH;-N(eHl4 a Naioa Scec onaioasnrt rdut el~h
described ibose. The solid residues thus obtained were sufficientk\ pure 198 1-19841 is appreciated. The iNMR instrument wAas acquired
for generalI use, with the use of intsrumentation funds that were provided b \ the

Reaction of B,H..N(CH,)j %ith P(CH,),. A l.l)5-mnmol sample of National Science Foundation and the Department of I)clcnsc
P(k H,1 w"is condensed onto i, frozen CH .fl. solution conta~ining 0 4Q
nimol of RSH-%(CfI,)j, and the solution was mixed ihoroughls at 80 Registrs No R8,, (iI t 0 P(HO; B. I 46. H-PJ(I'-
'C TrimethN lanine -borane) 3) and RBII,*2P(l1 I , ppi) ' 97fl)12-18A .R.BH-%N, .57sXl-48_- -R l<,litl. 52 .-

slow Is formed tn the reaction mixture at room temperature The reaction H,-2PlCHI -X-)Ri(I .55 -. RI C-Pt(II~l
was neark conmplete afiter 3 h at this tenmperature. 641 60-46-): IIC0. Th-l t R, - 525303.( BRh1..\(l1

Reaction of BH,.N(CHj),.P(CH-,), with I-C!. 'nhvdrous HCI Wt 2 (CHl'BHi, -I2925-44-. RI), _ I V','-45-,. RIINt( 1:.1<A'
rmol) wais condensed into a reaction tube containing 0 IS ittiol of 11, BH- I265(2
B.H,.N( Ht.PCfII I and approsimatels I nt of (H:Cl- fro/cen it

114 OC As the mixture %kas allowed to meli. the reaction occurred ____

immediatels. The 'B N\IR spectrunt of the reaction mixture indicated t 12i Idwands I j - 110ouch \\ I S Poemj I 'si. si'iis
the formation of RH -.NICH ),and BH,( 1P(CH1 I I S.S ppm) with 2s. ltS
traces of BH,.PlCH,) i -37* ppmt) and RBl,CI\(CII 1 -78x ppit 3 1 t 3 \h. HI \k racknieser, B in *Xi, li'i fin, it Re,,na,7

Reactioni of BFH,-N(CH,),P(C1I), with BI-I.. A t 55-inmol sample "')P' f R"enF (r-iPsnds, \ tiR. Rauic Pn, inle, and P-.e" D,0eii
Of B,11,, was condensed tnt' a 10-mim \'sR tube contaiining it it nirnol P . F-luck. V , lsosfeld. R . Ii d, SpringerA erlag Rerlin. Ilcidclherg
oif B.H,.N)CHJ,.P(CH 1, and .ipprovimaiek~ I nil, of CHCI. The 1141 , \aea X 1 14 lm.( ne he 9(.(.2s
reactants isr cr ixed secll at sio 'C and then allowed to sloiv k~ "ar kt (14)Ht Kae, %i fnnisin. G. C he., 19(. IQ.e ihc

Ati -001 '( the fortiatior of Bili,-\i( H,),-P(CH;)*H, %sis ob- 26, ;
sersed Then, the tube was warnied to room temperatures to ensure thail t 1 1 Bihop. '~I. kodamna, C. Thee (h,,, 1981!. ,n. -4
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BH,-2N(CH3 ),' B1 Hg, with trimethylamine resulted in the
cleavage of the triborun cation framework to produce a new
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Table 1. Chemical Shift 'Values for the Diboron Complex Cations'_______

N(CH3;3  NIQ.,3}3  N(C H 3

1'B B(l) +114 -+1 + N25
B(2) -34 7 -Is5 X.9 4

1'P P(l) -14 2 t
P(2) +1.9 +05

Hpkf(2) 1 ~ ''-4

Hpm,(2) I -,,oh2

'The shift salues are expressed in ppm. Standards for the shifts: ':B. BF,.olcjiH, . s", 'orhophophoric tcid, WI (I M 1: signal ai I
ppm. I oa -field shifts are taken as positive. 'Doublei. Jilp = 10 H7 Double,, I.jj = I I H7

diboron complex cation. t ris(trimethyla mine)t ri hvdrodi boron(lI+). cation diminished and that of BH, remained unchanged.
as indicated in eq 1.' This reaction contrasted sharply with our Compound IV is the most stable of the four dliboron cations. and

most of the coproduct. BH,.PICH,l;. can be sublimed out ait (I
BH2N(CH,),-B,Hs- + 2N(CH 3 )3  'C. Above 0 1C. however, this salt decompo~ slowly!. Tt-U;

B,H;g3N(CH,),-BH,- + BH,.N(CH,), 0I) compound can also be prepared from IIl by a ligand displacement

earlier observation2 on the reaction of B -H,2P(CH,),+BH,- w'ith reaction (eq 7). Salt IIl is the least stable and undergoes de-
N(CH 3 )3 , which produced the tetraborane(8) adduct according [-NICHi,l],.BHBH,.,NCH,),dB,H, + PICH, -
to eq 2. The reaction of BH,2P(CH3),+BHs with P(CH)l, N(CHI)*P(Cl,BHBHi..(Cl ,1H + (711,

B~l- 6 *2(CHY,~,H5 + 2 C~hcomposition at -40 'C. Compounds I and I I decompose Nlossls
BaHgN(CH,),-P(CH,), + BHgP(CH,), + Bl-1jN(CHJl, at -30 'C. Because of their limited stabilities, the salts Ascre

(2) characterized by their NMR spectra as they "serc formed, in the

proceeded similarly to give BH,2P(CH,).,- presence of the coproducts BHgN(CH,), or BIIPtCH),.
As a result of the recent. successful isolation of B.H,-N(C- NMR Spectra and Structures of the Dihoron Complex Cations.

H,cP(CH 3)3 in pure form, arother triboron cope cation. The chemical shift data for the four diboron cations. 1-1\ . arc

B,14.N(CH,),.P(CHd),*. becat:-,za--a ilabie.3 it was of interest itdinTbe1
to see how the B,H8- salt of this "hybrid" cation would respond (a) 1.1 -Bis~triniteth~Ian.ine)-2-(trimethv lphosphine)trihy.dro-
to the treatment with N(CH 1 , or P(CH 3)1. In this paper. results diboron(I+) Cation, fN(CH,)I.13HBUI-P(CH,) MI. The tvNO
of the reaction studies of B3 lHlgN(CH3)i.P(CH,),+BBHs are broad signals at + 11.4 and -34.7 ppm in the I BI i I % N R
described and are compared with corresponding reactions of spectrum could readily be assigned to the tsso-amnine-attached
BHg2N(CH ),-B,Hs- and BH6-2P(CH I),BHs-. boron and the phosphine-attached boron atoms. respectivels.

Furthermore, the presence of onls one amine methylI proton signal
Results and its intensity 2 relative to that of the phosphine m neth\l proton

Reactions of BH,*N(CH,),cP(CH,),*B,H8 - and B,H,*2N- signal supported the designated structure of' this cation.
(CH33 ,H 8- with N(CH Ob or P(CH,), proceeded according (b) I -(Trimethylfamine) - 1,2- bis(trimeths lphosphine) trihs dro-
to eq 3-6. diboron(1-i-) Cation, N(CI-13 ).P(CH,) *BHBtH.*P(CII ),* (11).

[he broad signal at -5.8 ppm in the ''BI'HI .spectrum Asas at-
B,H,.N(CH,),-P(CH,),BH,- + 2N(CH,), tributed to the boron atom attached to both an amine group and

[N(CH.,),J 2.BHB H,-P(CH,),+BH,- + BH 3.N(CH,), (3) a phosphine group, and the signal at -35.8 ppmr could be attributed
I to the phosphine-attached boron atom. The presence of tsso

B,H,.N(CH,b.P(CH) 3 BH-1- + 2P(CH 3)3 phosphine methyl proton signals was also consistent with the
N(CH),-(CH)3.HBH.P(H,),BH- +BHP(C ,), structure assigned to this cation.

N(H)3 PCH).HBP(H) 3 BH- HIf(C ) (c) 1. 1.2-Tris(trimethy Ismine) trihy drodi boron(I1+) Cation,

(4) IN(CH,) J]:BHBH12 N(CH,) ,+ (111). As reported earlier' the ''B
resonance signals appeared at +12.5 and -3.9 ppm. which wecre

BH,5 2N(CH,),4 B3 Hg- + 2N(CH 3)3 -. assigned to the two-amine-attached boron and one-amine-attached
[N(CH,),] 2.BHBH,.N(CH,),+B,H,- + BH, N(CH,), (5) boron atom, respectively. The presence of the two amine methvl

III proton signals in a 2:1 intensity ratio is consistent wsith the des-
ignated structure of this cation.

B H,-2 N(CH3 ),+BH, + 2P(CH,), (d) 1,2-Bis(trimethylamine)- 1-(trimetbylphospbine)trihvdro-
N(CH,) 3.P(CH,),vBHBH,.N(CH,),-BH,- + BHgP(CFH3 ), diboron(l+) Cation, N(CH 3)3.P(CHj),.BHBH,.N(CH,),+ (wV).

IV The "BIIHI spectrum showed only one broad signal at -5.4 ppm.
(6) which is due to the overlapping of signals arising from the two

- nonequivalent boron atoms in the cation. This assignment is madeGenerally, these reactions are clean and virtually quantitative on the basis of the relative intensities of the signals present in the
as long as the reaction solutions are kept below the decomposttion spectrum of the reaction solution: the signal at -5.4 ppm; intensity
temperatures of the respective products. As the reaction pro- 2, BAH signal; intensity 3. and BH 5.P(CH-3)3 signal; intensity
ceeded, tlhe signals ..f the N(CH 3 )3 or P(CH 3p3 daduct of BH, I . These two coincidental signals at -5.4 ppm could not be resolved
and the diboron complex cation grew in the "B NMR spectrum even on a Varian XL-400 instrument (It IB observation frequency,
of each reaction solution while the signals of the triboron complex I128 MHz). However, on this high-Field instrument the application

of resolution enhancement techniques did indicate a dissymmetry
(1) DePoy. R. E.; Kodama, G. Ino,'t. C'hem. 19115, d4, 2871. attributable to the overlapping of these two signals. Furthermore.
(2) Kameda. M.: Kodaia, 0. Inorg. Chem. 19114. 23, 3710. the presence of two trimethylamine proton signals in a 1: 1 intensity
(3) DePoy. R. E Kodama. G. Inorg. C'hem. Mg., 27. 1t1I, ratio verified the identity of this cation.
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Scheme I Scheme 11

Summary of 'B Shift Values. The following "B group shift
values are found for the diboron complex cations:

H H H H

-BNCH3i 3  -b-NxtCH 3 13  -- iC ~~--i~~
N CI-13x "'(LCH 3 )t3  H H

12 t 6Pon - 6 02 ppm -47 t 08 ppmn -35 3±t06 ppm BH,-2PCH,1 + BHVN(CH,),. This obsersation was explained
12 3± 0 pp -56± 0by ex tendline the mechanism proposed bN Ritter and co-wsorkers'

When trimethylamine is replaced by trimethvlphosphine on the and by Paine and PurrN," as a result of favorable elimination o1
adjacent boron atom, the ''B resonance moves upfield only slightly. BH3VN(CH,)1 from the reaction intermediate -B 5H,-.PCI-,l,-\-
For example, in going from rNlCHJ)1b.BHBH,.N(CH,),- to (CH;),. Upon further P(CH,l, attack on the intermediate,
iNiCii,),I.BI 3H.*P(2 t thtc "L~ biifi v~iue .c :ie BI-1AtCHi,j splits off frsai um i e m i ciiatic -,'s ;i.
H, 13b.BH group decreases by 1. 1 ppm. Thus, each of the ''B base P(CHJ, is combined with the BJ-1, fragmcnt as illustrated
shift values for these groups is essentially constant regardless of in Scheme 11. This mechanistic model for the triboranel 71 adduct
the type of ligands (N(CH,), or P(CHI),) attached to the adjacent cleavage does not explain the observed cleavage pattern of the
boron atom. Furthermore, the values listed above are comparable triboron cations. Reactiv it% % ariaition due to the presence of charge
with those for 13,1-11,4A.': and the nature of ligand is demonstrated in these triboron

H H H H H framcework Cleavagcs. Further studies are being pursued ito elu-
iicidate the triboron framework cleavage processes. in k% hich t-ew is

H B B H H-B-8-H . ,bases play subile, but important roles.

(CH3.al' NiCH3)a .H3 2N PICH 3 )3  (CH 3I 3P PiCHata Experimental Section
3 a 31 p 4 General Procedures for the Reaction Studies. A dichlorometivi~

-35 Pp -2" ppm. -36 4 ppm ~ olution lea , nil I of the triboron complex cation was prepared in it1

The values further compare with those reported for the following mm, od. P~rex tube or a 10 mmt o d rescalable N MR sample tube
monoboraneproduct of Young L td i. A measured amount of NICt, or PtCHj,

moooaespecies: was condensed onto the solution at liquid-nitrogen temperature The

H H -.lutton was mixed well at -90 'C. and then the tube "as placed in the
precooled probe of a Vartan XL- 300 \ MR spectrometer to monitor the

H---B-NCH 3 )3  H-b-N(CH3)3 H--B-N(CH 3 )3  h-8-PCH3a retaction as the temperature of the probe "a~s raised stepv~ise.
I .Reagents. The B,H, salts of the triboron complex cation, -crc pre-

NtCH 3t 3  HUCH3' 0 H H pared tn the reaction tube, accord:mg 1- ;1,, icl..i ted method, 'The

QS5 8 p 5" 5 5C -' P 5d salt was isolated ats a solid tn the tube, and then a fresh ptortioli ot the
-38 8 p sosetit ".as condensed into the tube to prepare the solution The tin-

Discussion mcthlamtne. trimethslphosphtnc. and dichlorottethanec used %%ere fromt

There are two important features that are contmon to the our laborators stock.'
Reactions. (a) Btc CH)PCIL and N(('Hj. Nreactions represented by eq 3-6: (I ) In the diboron complex 0 65-mrttol sample of BH-NlCH;A*PlCIi'RJI, "a, treated wkith

cations produced. the attacking Lewis base is islwass bonded to 1.45 mniol of \(~.The signals of the products (the diboron cation
the amine-attached boron atom, and (2) the BH~ adduct that is ill and B3H,'%(CfI,lJ "ere detected at SO OC The reaction 'Aas
formed always contains the attacktng Lewis base Thus, the four complete as the probe temperatue wats raised to 60 OC. \t - 20 OC.
reactions can be summarized by eq 8, where L and L' a'e N(CH,), signals due to decompo.sition products began to appear stowts in the

B 5 Hg4S(Ci~4 BH5  +2L'spectrum.
B1H6--N(C 1)1 ,H, 2L'(b) BR,nN(CH)-P(TH,),'B,H, and P(CH,). N, 0 49-mmol sam-

L.BH,-BHA{(CHJ~,L'-B_,H, + BHvL' (8) pie of B,H,5 .N(CH),.P(CIl'BH, iwas treated isitli 0.98 mmol of
PICHI), When the reaction mixture was allowed to Aarm to -30 'C.

or P(CH3), and L' is the attacking base. Apparently, the bond the reactants had been changed to a 1. 1 molar mixture of ',( 1,,.P-
cleavages occur as indicated in Scheme 1. This observation ICHII*BHBl-I,*PIC1 B,H, l11) and BH,*PICH,), At this tem-
immediately provides a "partial" explanation for the behavior of perature, slow decomposition of the salt occurred as evidenced bN the
BH,-2P(CH,),+B3Hs- toward P(CF-11b or N(CH-1), (eq 2). appearance of ttle BH3ivlCH 3l.1 signal in the spzctrum of the solution.
Because of the absence of a trimethylamine-attached boron atom (c) B1,g2N(CH03ihBH,- and (C ).A sample (normall% about
in the B3H6 .2P(CH3 )1+ Lation, the attacking base. L', cannot find 0.5 mmoll of B,H6.2\(CH1)laBH. "as treated with 2 molar equit otr
an effective site of attack on the (CH 3 b1P-B-B-P(CH,), moiety more of NICH,), Conversion of the reactants to INI(CtI0,l..

to podue aBH32P(H3)-L'*caton.BHBH2.NICII,)1'B,Hg1 (till and BHvN(CH3l, was complete at -60
to podue aB2 H.2P(H~bL'~caton.'C. Abose -40 'C (or even at -50 'C, upon irradiation of the solution

The Lewis base adducts of triborane(7) are isoelectronic and with the il resonance frequencies for decoupling the 'H spins). decom-
isoistructural with the triboron complex cations. Interestingly, position of the diboron cation occurred. The decompri t productts)
however, the above pattern of triboron cation cleavage contrasts had its characteristic ''B signals at -2.9 and 13.3 ppm. and the BH,
with those observed for the cleavage of BH,.N(CH,), and B,- signal was present. The nature of the decomposition product has not been
H7-P(CH 3) 1 with N(CH, or P(CHI, 1 where the BH3 adducts elucidated.
produced contain N(CH)3 whenever N(CH3)3 is involved in the Conversion of III to IV. A sample containing ti1. which had been
reaction system.' For example, B3H,-N(CH 3)1 + 2P(CH,), prepared as above, was mixed with I molar equiv of P(CHOI at -80 "C

in C"-4C1,. At -45 'C changes in the spectrum were noted. After the
_____________________________________________ mixture was stored for 2.5 h at -30 'C, III had been converted com-

(4) Hertz, R. K.; Denniston, M. L.; Shore, S. G. finorg. C/rem. 1978. 17, pletely to IV. Treatment of Ill with a 3-old excess of P(CHOlI at -30
2673.

(5) N6th. H.. Wraekmeyer. B. In NUR,. Rasti- Prini-ipIer and Progress:
Diehl. P., Fluck, E . Kosfeld. R . Eds Springer-Vertag: West Berlin, (6) Deeser. W R , I ory,. E R : Ritter. D). M Inorg. Chern. 1969. 8, 1263.
Heidelberg. FRG, I 978: Vol. 14 (a) p 17 7: (b) p 380, (c) p 2 8 5; (dl (7) Paine. R. T.: ParrN. R %V, lnorg. (hem. 1975. 14. 689
p 141 (8) Kameda. M.: Kodansa. Cy. Iniirg. Chem M94. 2'3. 3710,
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°C and at 0 'C did not bring about a further displacement of N(LH11 3
from IV,

(d) BjHI'2N(CHJ) 3+B3Hs and P(CHI) 3. A ,ample of BIH,.2N-
(CH 3)+BHi - was treated with P(Ci1 3)3 in a manner similar to that used
for preparation c. Formation of BHvP(CH31 was noted at -30 IC. The
reaction was slow, at -20 °C. Although the reaction proceeded with a
moderate rate to completion at + 10 'C. weak signals of decomposition

products were noted in the "B spectrum of the final solution.
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